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Abstract: Surface Enhanced Resonance Raman (SERS) is a powerful optical technique, which

can help enhance the sensitivity of Raman spectroscopy aided by noble metal
nanoparticles (NPs). However, current SERS-NPs are often suboptimal, which can
aggregate under physiological conditions with much reduced SERS enhancement.
Herein, a robust one-pot method has been developed to synthesize SERS-NPs with
more uniform core diameters of 50 nm, which is applicable to both non-resonant and
resonant Raman dyes. The resulting SERS-NPs are colloidally stable and bright,
enabling NP detection with low-femtomolar sensitivity. An algorithm has been
established, which can accurately unmix multiple types of SERS-NPs enabling
potential multiplex detection. Furthermore, a new liposome-based approach has been
developed to install a targeting carbohydrate ligand, i.e., hyaluronan, onto the SERS-
NPs bestowing significantly enhanced binding affinity to its biological receptor CD44
overexpressed on tumor cell surface. The liposomal HA-SERS-NPs enabled
visualization of spontaneously developed breast cancer in mice in real time guiding
complete surgical removal of the tumor, highlighting the translational potential of these
new glyco-SERS-NPs.
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Additional Information:
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Please submit a plain text version of your Dear Dr. Rhode,
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cover letter here.

We would like to submit a revised manuscript titled “Robust Synthesis of Targeting
Glyco-nanoparticles for Surface Enhanced Resonance Raman Based Image-Guided
Tumor Surgery”. The manuscript ID is smsc.202300154. The two reviewers were
positive about our original manuscript overall. At the same time, they have provided
helpful suggestions. To address all the comments, we have carefully revised the
manuscript and the supporting information. Two versions of the main text have been
submitted. One has the major changes highlighted with a yellow background and with
the track change turned on marking all changes. The second one is the clean copy
with all changes accepted.

In the following, the major changes are detailed point-by-point.

Editorial comments:

1. We have noticed that some of the text in your manuscript overlaps with published
works in the Methods section.

Response: We have revised the text to avoid the overlapping text.

2. Statistics: For original research, please check that your manuscript includes a sub-
section entitled "Statistical Analysis" at the end of the Experimental Section.
Response: A section on statistics has been added. Figure legends have been updated
to include the statistical information where applicable.

Reviewer 1

1. General comments: This paper describes the preparation and biological evaluation
of specific nanoparticles containing Raman type dyes for Surface-Enhanced Raman
Scattering (SERS) tumor imaging and guided surgery. The authors have worked out
methods for attaching a targeting agent (Hyaluronic acid) to the particles through a
liposome-based formulation. The paper is well written, although there are areas of
English syntax and usage that should be carefully proofed and addressed before
publication. | think this journal is an appropriate vehicle for this work, although | do feel
the novelty of the research and results is only moderate, at best. Gold nanoparticles
(AuNPs) have a long history as a platform for enhancement of Raman dyes (SERS),
and the primary advance here is the use of a liposome to allow attachment of enough
HA molecules to be effective in tumor targeting. While | think the work is solid and
material is well characterized, there are several questions to be answered before
publication:

Response: We would like to thank the reviewer for the positive overall evaluation. We
agree the concept of AUNPs and Au-SERS NPs are not new. The main advances we
made in this work are the development of the liposomal SERS NP system, which led to
significantly enhanced bindings with the biological target CD44. Furthermore, there are
significant advantages in using a polysaccharide such as HA as the targeting agent.

Comment 1: 1)There are several areas in the paper where more citations are
necessary. As mentioned, there is a long history of AuUNPs/SERS dyes conjugates, and
review go back more than a decade ago (one example: Shuming Nie, Chem. Soc. Rev.
2008, 37, 912-920). The end of the second paragraph of the paper states
“Methods...... are under development”. There could be many references here as well
as for the seed method of growing AuNPs which is well known. Check for other
sentences as well. In addition, the seed method for creating AUNPs above 17 nm is
also a well-known procedure, as is the problems with generating uniform particles
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above 20-30 nm by the citrate method alone. References should be added, and the
“novelty” of this synthetic protocol should be downplayed since it is known.

Response: We thank the reviewer for pointing this out. We have added the references
suggested as well as other pertinent references in this area. For example, please see
Refs 4, 11-13, 22.

[4]X. M. Qian, S. M. Nie, Chem. Soc. Rev. 2008, 37, 912.

[11]F. Meikun, F. S. A. Gustavo, G. B. Alexandre, Anal. Chim. Acta 2020, 1097, 1.
[12]S. E. J. Bell, G. Charron, E. Cortés, J. Kneipp, M. L. de la Chapelle, J. Langer, M.
Prochazka, V. Tran, S. Schliicker, Angew. Chem. Int. Ed. 2020, 59, 5454.

[13]L. A. Lane, X. Qian, S. Nie, Chem. Rev. 2015, 115, 10489.

[22]d. Dong, P. L. Carpinone, G. Pyrgiotakis, P. Demokritou, B. M. Moudgil, KONA
Powder Part. J. 2020, 37, 224.

2. Comment 2: The section entitled “Biocompatibility of SERS-NPs” is incorrectly
labeled. Performing cytotoxicity studies is NOT biocompatibility; this pertains to the
stability of particles in a biological milieu, such as blood or serum. Please perform
these studies (stability in high salt, serum pH etc....) and report the results by UV/Vis or
DLS. Also, the zeta potential of the particles needs to be measured for full
characterization data.

Response: Following reviewer’s suggestion, we have performed stability analysis as
well as zeta potential measurements under a variety of conditions including changes in
salt concentrations and the presence of serum proteins. UV/Vis, DLS, and zeta
potential of the particles have been added. The results are presented in Figures S6
and Table S1.

Table S1. ¢ potential measurements (mean + standard deviation, N =3).
SamplesZeta Potential (mV)

Au NP Seed -41 £ 2

S420 SERS-NPs-36 + 2

S481 SERS-NPs-35 £ 3

PEG-S420 SERS-NPs-22 + 1

HA-S481 SERS-NPs-28 + 2

Liposome-S420 SERS-PEG-13 + 4

Liposome-S481 SERS-HA-24 + 3

Figure S6. Analysis of particle stability. a) Relative absorbance and b) hydrodynamic
diameter of the liposome-S421 SERS-HA particle in water, PBS 1x, PBS 10x, without
serum (-serum), and with serum (+ serum). No statistically significant changes in the
relative absorbance data or the hydrodynamic diameters suggested the stability of the
NPs in PBS and serum. SERS signal intensities of liposome-S421 SERS-HA stored at
c) 4 °C or d) room temperature over time. For each column, the mean value with the
standard deviation was plotted. For each concentration, the values were from three
samples. No statistically significant change in SERS intensity was observed for the
NPs stored at 4°C up to 3 weeks. NPs stored at room temperature showed some
changes in SERS intensities only at the 3-week mark. Statistical analysis was
performed using a two-way ANOVA. ns: P > 0.05. *: P

3. Comment 3: The issues the authors had with the synthesis of some of the
nanoparticles is very curious. There are a host of studies where Raman dyes were
coated on AuNPs followed by coating with silica to stabilize the dyes on the metal
surface. It is curious why this method did not work here since the methods here are not
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different from other studies??

Response: The silica coating of AnNPs was successful in our hand. However, we
observed significantly reduced SERS intensities following the coating. The decrease in
SERS signal intensities following silica coating has been reported by others (Refs # 9;
49) While the exact reason for the decrease is not known, it is likely due to the
displacement of SERS dye from NP surface due to silica coating.

[9]N. D. Israelsen, C. Hanson, E. Vargis, Sci. World J. 2015, 2015, 124582 and
references cited therein

[49]Y. Zhang, X. Li, B. Xue, X. Kong, X. Liu, L. Tu, Y. Chang, Sci. Rep. 2015, 5, 14934.

4. Comment 4: The authors make the point that a reason to use HA is due to the
expense and stability of monoclonal antibodies. While it is true that commercially
available mAb are expensive, they can also be prepared recombinantly for lower
prices. In addition, their long-term stability is rather good, as many of them are, as is
well known, used clinically with great success in tumor therapy. Thus, | feel this
“drawback” of mAbs should be toned down slightly. | agree that using an inexpensive
polysaccharide is a worthy substitute, however, CD44 is also expressed on many
normal cells (including stem cells) and is important in many cell adhesion and wound
healing processes. A control with binding to normal cells expressing CD44 in the
process of tumor therapy would be a useful comparison.

Response: We have toned down the discussion on drawback of mAbs. The reviewer is
right that CD44 is also found on normal cells. CD44 is known to exist in three forms,
the low affinity form, the inflammation-induced high affinity form, and the constitutively
high affinity form. In normal cells, CD44 primarily exists in the low affinity form only with
weak affinities toward HA binding. In contrast, CD44 is found to be in its constitutively
highly affinity form on tumor cells. This discussion has been added to the manuscript
as the following.

While antibodies can bestow high specificity in target binding, they can be expensive
especially for pre-clinical studies (hundreds of $ per 100 pg) and can denature upon
extended storage. Although the cost of monoclonal antibodies can be potentially
managed with wide clinical adaption, as an alternative, we explored polysaccharides
such as HA[34] as the targeting ligand. HA is readily available commercially (~$200/g),
can be stored for extended periods, and is biocompatible as highlighted by its common
usage in the cosmetic industry. A major receptor of HA in human bodies is the
glycoprotein CD44.[35] On normal cells, CD44 exists primarily in the inactive low
affinity form exhibiting minimal binding with HA,[36] which can be converted to the
active high HA affinity structure in the presence of inflammatory signals.[37] In contrast,
tumor-derived cells often express CD44 in its high-affinity state capable of
constitutively binding HA,[38] and the high affinity CD44 is found over-expressed on
the surfaces of a wide range of cancer cells.[39-41]

5)Comment 5: It is also curious that the HA NPs stick to the surface of the liposomes in
that formulation and are so much better at binding CD44. One would think that the
interaction between lipid and HA may hinder that interaction. And the fact that the
thiolated HA did not result in much addition of HA to the AuNP-SERS surface is also
curious, as many polysaccharides that bind to AUNP surfaces tend to stabilize these
constructs by “wrapping” around the gold surface with the sugar polymer making them
more biocompatible. | think more explanation about the results of the synthesis are
warranted.

Response: We thank the reviewer for the question. It is interesting that the liposomal
formulation of HA SERS-NP gave significantly stronger binding to CD44. HA is known
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to interact with phospholipid as well besides the SERS-NP. It is possible that with the
liposomal formulation, more HA can be attached leading to enhanced avidity with
CD44.

It is known that HA can interact with phospholipids through hydrogen bonding and
hydrophobic interactions with HA distributed in punctate patterns on lipid bilayer
surface.[58-59]

6)Comment 6: When the issue of the various “flavors” of resonant, and non-resonant
dyes comes up, | strongly feel that the structures should be in the main text of the
manuscript, not in the SI. The author needs to see the structures that the authors are
working with while reading the results section. They can, of course, remain in the Sl,
but they also need to be in the main text. And importantly, why did the authors use both
bipyridyl and a fully deuterated analogue? Is this standard practice in SERS work? If it
is, please add a sentence or two as to why these two are compared (for the
uninitiated). | understand that H-D exchange can be detected by SERS, but why it is
used here is unclear.

Response: We thank the reviewer for this suggestion. The structures of the dyes have
been added to the main text as figure 1f.

The reason S420 and S421 (deuterium containing version of S420) are used is
because they have distinctive Raman peaks (Figure 2a) helping to increase the
number of dyes can be used. The following explanation has been added to the text.

Despite similarity in structures of some Raman dyes (for example S420 vs S421),
these dyes have distinct fingerprint patterns in their respective Raman spectra
potentially enabling multiplexing (Figure 2a).

7)Comment 7: There is a distinct lack of controls in the tumor work. While | understand
that the authors are using the liposome-SERS-Peg particles as “non-targeting”
controls, they also need to employ another tumor line which is known to not express
CD44 as well as a normal line. There are other molecules that HA may bind to and this
needs to be done side-by-side with tumor such as 4T1. The experimental section
describing the guided imaging has no description of how in the Polyoma Middle-T
antigen MMTV mice were generated: Were they purchased? Obtained as a gij? Also,
that section states “A MUC1/MMTV mouse....” What is a MUC1/MMTV mouse? Are
there mutant mucins involved such as MUC1? There needs to be a much more
detailed description of this model and an explanation of why there is a “MUC1” in the
description?

This is a nice paper, but some issues need to be resolved before publication.
Response: We thank the reviewer for the suggestions. It is true that there are other
receptors such as HA receptor for endocytosis (HARE), lymphatic vessel endothelial
hyaluronan receptor 1 (LYVE-1) for HA besides CD44. However, these receptors are
typically not found at tumor site as HARE is mainly expressed in liver and LYVE-1 is
mainly found in lymphatic vessels. For the application of HA NPs in image guided
surgery, they should not post much interference.

As the NPs are targeting CD44 overexpressed on tumor cells, they are not suitable to
detect CD44 negative tumor. We have added the discussion on this limitation in the
main text as the following:
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There are limitations to our study. While many breast cancer cells express CD44,[39,
73] due to tumor heterogeneity, it is possible that there are cancer cells with low or no
expression of CD44, which will not be detected using our approach. For more
comprehensive cancer detection, biomarkers beyond CD44 can be targeted. With the
potential for multiplexing, the SERS-NP strategy can be applied for simultaneous
detection of multiple biomarkers in one imaging session, which is a direction we will
pursue.

We have added the source and more information on the Polyoma Middle-T antigen
MMTV mice. We apologize for the mentioning of MUC1, which was a mistake and has
been corrected.

MMTV-PyMT transgenic mice were purchased from the Jackson Laboratory. In a span
of 4 months, the female mice showed the spontaneous onset of palpable breast
cancer. The mice were housed at Michigan State University’s Laboratory Animal
Resources Facility. All activities and protocols related to the animal study received
approval from the Institutional Animal Care and Used Committee (IACUC) at Michigan
State University.

Reviewer 2

1.Comment 1: The authors have reported a fairly novel one-pot synthesis of a stable
SERS-NP that is colloidally linked to hyaluronic acid (HA) which would then specifically
target CD44, a marker that is prominent in many cancers and in T-lymphocytes of
inflammatory cells. If this technology is feasible and is relatively non-toxic then, the field
has developed one more tool in detecting tumor and perhaps tumor margins in a
surgical and post-tumor resection setting.

Response: We thank the reviewer for the positive feedback.

2.Comment 2: We are not in the position to rigorously review the chemical synthesis
and characterization of the liposome-based HA-SERS-NP. However, it would have
been nice if we had seen more stability data through DLS measurements using the
Zetasizer or through examination of the stability of the Raman spectra over time or
both? Do electron microscopy studies show changes in aggregations with respect to
time of initial synthesis or with respect to storage temperature?

Response: We thank the reviewer for the suggestions. We have performed additional
stability studies. The additional results including DLS, zeta potential and stability over
time are now presented in Table S1 and Figure S6. There were not significant changes
in particle sizes with respect to time or storage temperature. Please see response to
reviewer 1 comment 2.

3.Comment 3: | also have some questions as to how they conducted their toxicity and
preclinical safety studies. | noticed that the MTS assay for in vitro cellular viability when
challenged with the SERS-NP was on Raw 264.7 cells (Figure S4) (a macrophage cell
line?). No toxicity was reported up to 100 pM. It would have been nice to see a fuller
toxicity/dose response study where an actual LD50 number was obtained. Also aside
from the MTS study, we do not see the Raw 264.7 cells again in the report. The
authors focus primarily on 4T1 cells to study NP specificity (Figure 4) and | think they
use the MUC1/MMTV mouse models to examine in vivo/preclinical uptake of surgical-
guided SERS-NP-HA onto spontaneous tumors (Figure 5). Thus it is unclear, how
generalizable across different cancer cell lines are the safety and specificity data they
present on their SERS-NP. Indeed, it is not clear in their studies how specific are their
NPs are to cancer cells as opposed to inflammatory cells. This will become important
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Does the research described in this
manuscript include animal experiments?

even in their limited application of a post-resection setting as the tumor
microenvironment often is populated with inflammatory immune cells.

Response: We thank the reviewer for the questions. To be consistent, we have
performed additional cell viability studies with 4T1 breast cancer cells (Figure S4). The
particles did not significantly affect the cell viability up to 500 pM. Typical
concentrations of the NP used for in vitro and in vivo experiments were below 250 pM.
For the MTS viability assay, we were not able to get to higher NP concentrations as the
NP is also colored and would interfere with the optical absorbance reading in MTS
assay at higher NP concentrations.

Figure S4. MTS assays with 4T1 breast cancer cells indicated the NPs did not affect
the cell viabilities under the experimental condition. 4T1 cells were incubated with a)
liposome-S440 SERS-PEG or b) Liposome-S421 SERS-HA for 4 h under various NP
concentrations: 0 pM, 10 pM, 20 pM, 50 pM, 100 pM, 200 pM, 300 pM, and 500 pM.
No significant changes in cell viability were observed suggesting the NPs were not
toxic to cells up to at least 500 pM. For each column, the mean value with the standard
deviation was plotted. For each concentration, the values were from three samples.
Statistical analysis was performed using a two-way ANOVA. ns: P > 0.05.

As discussed in responses to Reviewer 1’s comment 7, CD44 on normal cells are
typically in a low affinity state, with little binding to HA. Thus, the SERS-NP-HA can
readily differentiate normal cells vs CD44 expressing tumor cells. Our NP probes
selectively target CD44, which will not bind with CD44 negative tumor cells. This is a
limitation of the current study, which has been discussed in the text as the following:

There are limitations to our study. While many breast cancer cells express CD44,[39,
73] due to tumor heterogeneity, it is possible that there are cancer cells with low or no
expression of CD44, which will not be detected using our approach. For more
comprehensive cancer detection, biomarkers beyond CD44 can be targeted. With the
potential for multiplexing, the SERS-NP strategy can be applied for simultaneous
detection of multiple biomarkers in one imaging session, which is a direction we will
pursue.

The reviewer is right that some inflammatory cells can bind with CD44. In the tumor
microenvironment, immune cells can infiltrate into tumor tissues and be mixed with
cancer cells. Therefore, for complete elimination of tumor at the tumor site, it is
common to surgically remove the infiltrated immune cells together with tumor. As the
NPs are applied only locally to the tumor site in our application, only cells in the tumor
site will be removed. Thus, the imperfect selectivity of tumor vs immune cells is not a
significant drawback.

In summary, we are very grateful for reviewers’ comments, which help us develop a
stronger manuscript. With the revisions made, | hope the paper can now be accepted.
If you would require any further information, please do not hesitate to contact us.

Sincerely,

Xuefei Huang, Ph. D.

Yes
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Please confirm that ethical approval from
the national or local authorities was
obtained prior to the research, and that
this is included in the Experimental
section of your manuscript.

as follow-up to "Does the research
described in this manuscript include
animal experiments?"

Please provide the name of the national
or local authority giving the approval in the
textbox below, as well as in the
Experimental section of your manuscript.
as follow-up to "Please confirm that
ethical approval from the national or local
authorities was obtained prior to the
research, and that this is included in the
Experimental section of your manuscript. "

If available, please provide the assigned
approval/accreditation number of the
laboratory/investigator in the textbox
below, as well as in the Experimental
section of your manuscript.

as follow-up to "Please confirm that
ethical approval from the national or local
authorities was obtained prior to the
research, and that this is included in the
Experimental section of your manuscript. "

Does the research described in this
manuscript include human research
participants (including for experiments
with sensors or wearable technologies) or
tissue samples from human subjects
(including blood or sweat)?

Do you or any of your co-authors have a
conflict of interest to declare?

Response to Reviewers:
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Yes, | confirm

Michigan State University IACUC

PROTO0O202100095

No

No. The authors declare no conflict of interest.

Please see cover letter submitted.



Cover Letter to Editor

MICHIGAN STATE

UNIVERSITY

Nov. 14" 2023
Dear Dr. Rhode,

We would like to submit a revised manuscript titled “Robust Synthesis of Targeting Glyco-nanoparticles
for Surface Enhanced Resonance Raman Based Image-Guided Tumor Surgery”. The manuscript ID is
smsc.202300154. The two reviewers were positive about our original manuscript overall. At the same time, they
have provided helpful suggestions. To address all the comments, we have carefully revised the manuscript and
the supporting information. Two versions of the main text have been submitted. One has the major changes
highlighted with a yellow background and with the track change turned on marking all changes. The second one
is the clean copy with all changes accepted.

In the following, the major changes are detailed point-by-point.

Editorial comments:

1. We have noticed that some of the text in your manuscript overlaps with published works in the Methods
section. In order to avoid any ethical issues, the overlapping parts should be re-worded to minimize any direct
similarity to previous publications (of course author information, acknowledgements, and references can be
ignored; to resolve significant overlap in the Experimental Section, methods can be abbreviated and the original
source cited). Please contact the editorial office if you have any questions.

Response: We have revised the text to avoid the overlapping text.

2. Statistics: For original research, please check that your manuscript includes a sub-section entitled "Statistical
Analysis" at the end of the Experimental Section that fully describes the following information: 1.
Pre-processing of data (e.g., transformation, normalization, evaluation of outliers), 2. Data presentation (e.g.,
mean + SD), 3. Sample size (n) for each statistical analysis, 4. Statistical methods used to assess significant
differences with sufficient details (e.g., name of the statistical test including one- or two-sided testing, testing
level (i.e., alpha value, P value), if applicable post-hoc test or any alpha adjustment, validity of any assumptions
made for the chosen test), 5. Software used for statistical analysis.

Figure legends: Please make sure that all relevant figure legends contain the information on sample size (n),
probability (P) value, the specific statistical test for each experiment, data presentation and the meaning of the
significance symbol.

Response: A section on statistics has been added. Figure legends have been updated to include the statistical
information where applicable.

Reviewer 1

1. General comments: This paper describes the preparation and biological evaluation of specific
nanoparticles containing Raman type dyes for Surface-Enhanced Raman Scattering (SERS) tumor imaging and
guided surgery. The authors have worked out methods for attaching a targeting agent (Hyaluronic acid) to the
particles through a liposome-based formulation. The paper is well written, although there are areas of English
syntax and usage that should be carefully proofed and addressed before publication. I think this journal is an
appropriate vehicle for this work, although I do feel the novelty of the research and results is only moderate, at
best. Gold nanoparticles (AuNPs) have a long history as a platform for enhancement of Raman dyes (SERS),
and the primary advance here is the use of a liposome to allow attachment of enough HA molecules to be
effective in tumor targeting. While I think the work is solid and material is well characterized, there are several
questions to be answered before publication:



Response: We would like to thank the reviewer for the positive overall evaluation. We agree the concept of
AuNPs and Au-SERS NPs are not new. The main advances we made in this work are the development of the
liposomal SERS NP system, which led to significantly enhanced bindings with the biological target CD44.
Furthermore, there are significant advantages in using a polysaccharide such as HA as the targeting agent.

Comment 1: 1) There are several areas in the paper where more citations are necessary. As mentioned, there is
a long history of AuNPs/SERS dyes conjugates, and review go back more than a decade ago (one example:
Shuming Nie, Chem. Soc. Rev. 2008, 37, 912-920). The end of the second paragraph of the paper states
“Methods...... are under development”. There could be many references here as well as for the seed method of
growing AuNPs which is well known. Check for other sentences as well. In addition, the seed method for
creating AuNPs above 17 nm is also a well-known procedure, as is the problems with generating uniform
particles above 20-30 nm by the citrate method alone (see for example
https://urldefense.com/v3/ https://doi.org/10.14356/kona.2020011 ;!'"HXCxUKc!y9j1ZJSTx9evSmxpU3e-N
~xdD-CzRNO2TIrSr21i5x6WZY 6710nRnAaVj4eUfEEpxB2pfRurPUHKRx94¢Q$ ). References should be
added, and the “novelty” of this synthetic protocol should be downplayed since it is known.

Response: We thank the reviewer for pointing this out. We have added the references suggested as well as other
pertinent references in this area. For example, please see Refs 4, 11-13, 22.

[4] X. M. Qian, S. M. Nie, Chem. Soc. Rev. 2008, 37, 912.

[11]F. Meikun, F. S. A. Gustavo, G. B. Alexandre, Anal. Chim. Acta 2020, 1097, 1.

[12]S. E. J. Bell, G. Charron, E. Cortés, J. Kneipp, M. L. de la Chapelle, J. Langer, M. Prochézka, V. Tran, S.
Schliicker, Angew. Chem. Int. Ed. 2020, 59, 5454.

[13]L. A. Lane, X. Qian, S. Nie, Chem. Rev. 2015, 115, 10489.

[22]]. Dong, P. L. Carpinone, G. Pyrgiotakis, P. Demokritou, B. M. Moudgil, KONA Powder Part. J. 2020, 37,
224.

2. Comment 2: The section entitled “Biocompatibility of SERS-NPs” is incorrectly labeled. Performing
cytotoxicity studies is NOT biocompatibility; this pertains to the stability of particles in a biological milieu,
such as blood or serum. Please perform these studies (stability in high salt, serum pH etc....) and report the
results by UV/Vis or DLS. Also, the zeta potential of the particles needs to be measured for full characterization
data.

Response: Following reviewer’s suggestion, we have performed stability analysis as well as zeta potential
measurements under a variety of conditions including changes in salt concentrations and the presence of serum
proteins. UV/Vis, DLS, and zeta potential of the particles have been added. The results are presented in Figures
S6 and Table S1.

Table S1. C potential measurements (mean + standard deviation, N =3).
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Figure S6. Analysis of particle stability. a) Relative absorbance and b) hydrodynamic diameter of the
liposome-S421 SERS-HA particle in water, PBS 1x, PBS 10x, without serum (-serum), and with serum (+
serum). No statistically significant changes in the relative absorbance data or the hydrodynamic diameters
suggested the stability of the NPs in PBS and serum. SERS signal intensities of liposome-S421 SERS-HA
stored at ¢) 4 °C or d) room temperature over time. For each column, the mean value with the standard deviation
was plotted. For each concentration, the values were from three samples. No statistically significant change in
SERS intensity was observed for the NPs stored at 4°C up to 3 weeks. NPs stored at room temperature showed
some changes in SERS intensities only at the 3-week mark. Statistical analysis was performed using a two-way
ANOVA. ns: P> 0.05. *: P <0.05.



3. Comment 3: The issues the authors had with the synthesis of some of the nanoparticles is very curious.
There are a host of studies where Raman dyes were coated on AuNPs followed by coating with silica to
stabilize the dyes on the metal surface. It is curious why this method did not work here since the methods here
are not different from other studies??

Response: The silica coating of AnNPs was successful in our hand. However, we observed significantly
reduced SERS intensities following the coating. The decrease in SERS signal intensities following silica coating
has been reported by others (Refs # 9; 49) While the exact reason for the decrease is not known, it is likely due
to the displacement of SERS dye from NP surface due to silica coating.

[9] N.D. Israelsen, C. Hanson, E. Vargis, Sci. World J. 2015, 2015, 124582 and references cited therein

[49]Y. Zhang, X. Li, B. Xue, X. Kong, X. Liu, L. Tu, Y. Chang, Sci. Rep. 2015, 5, 14934.

4. Comment 4: The authors make the point that a reason to use HA is due to the expense and stability of
monoclonal antibodies. While it is true that commercially available mAb are expensive, they can also be
prepared recombinantly for lower prices. In addition, their long-term stability is rather good, as many of them
are, as is well known, used clinically with great success in tumor therapy. Thus, I feel this “drawback” of mAbs
should be toned down slightly. I agree that using an inexpensive polysaccharide is a worthy substitute, however,
CD44 is also expressed on many normal cells (including stem cells) and is important in many cell adhesion and
wound healing processes. A control with binding to normal cells expressing CD44 in the process of tumor
therapy would be a useful comparison.

Response: We have toned down the discussion on drawback of mAbs. The reviewer is right that CD44 is also
found on normal cells. CD44 is known to exist in three forms, the low affinity form, the inflammation-induced
high affinity form, and the constitutively high affinity form. In normal cells, CD44 primarily exists in the low
affinity form only with weak affinities toward HA binding. In contrast, CD44 is found to be in its constitutively
highly affinity form on tumor cells. This discussion has been added to the manuscript as the following.

While antibodies can bestow high specificity in target binding, they can be expensive especially for pre-clinical
studies (hundreds of $ per 100 ug) and can denature upon extended storage. Although the cost of monoclonal
antibodies can be potentially managed with wide clinical adaption, as an alternative, we explored
polysaccharides such as HAP* as the targeting ligand. HA is readily available commercially (~$200/g), can be
stored for extended periods, and is biocompatible as highlighted by its common usage in the cosmetic industry.
A major receptor of HA in human bodies is the glycoprotein CD44.1%1 On normal cells, CD44 exists primarily
in the inactive low affinity form exhibiting minimal binding with HA,®! which can be converted to the active
high HA affinity structure in the presence of inflammatory signals.*”! In contrast, tumor-derived cells often
express CD44 in its high-affinity state capable of constitutively binding HA,"*® and the high affinity CD44 is
found over-expressed on the surfaces of a wide range of cancer cells.[**4!]

5) Comment 5: It is also curious that the HA NPs stick to the surface of the liposomes in that formulation and
are so much better at binding CD44. One would think that the interaction between lipid and HA may hinder that
interaction. And the fact that the thiolated HA did not result in much addition of HA to the AuNP-SERS surface
is also curious, as many polysaccharides that bind to AuNP surfaces tend to stabilize these constructs by
“wrapping” around the gold surface with the sugar polymer making them more biocompatible. I think more
explanation about the results of the synthesis are warranted.

Response: We thank the reviewer for the question. It is interesting that the liposomal formulation of HA
SERS-NP gave significantly stronger binding to CD44. HA is known to interact with phospholipid as well besides
the SERS-NP. It is possible that with the liposomal formulation, more HA can be attached leading to enhanced
avidity with CD44.

It is known that HA can interact with phospholipids through hydrogen bonding and hydrophobic interactions
with HA distributed in punctate patterns on lipid bilayer surface.[>%>!

6) Comment 6: When the issue of the various “flavors” of resonant, and non-resonant dyes comes up, [
strongly feel that the structures should be in the main text of the manuscript, not in the SI. The author needs to



see the structures that the authors are working with while reading the results section. They can, of course,
remain in the SI, but they also need to be in the main text. And importantly, why did the authors use both
bipyridyl and a fully deuterated analogue? Is this standard practice in SERS work? If it is, please add a sentence
or two as to why these two are compared (for the uninitiated). I understand that H-D exchange can be detected
by SERS, but why it is used here is unclear.

Response: We thank the reviewer for this suggestion. The structures of the dyes have been added to the main text
as figure If.
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The reason S420 and S421 (deuterium containing version of S420) are used is because they have distinctive
Raman peaks (Figure 2a) helping to increase the number of dyes can be used. The following explanation has been
added to the text.

Despite similarity in structures of some Raman dyes (for example S420 vs S421), these dyes have distinct
fingerprint patterns in their respective Raman spectra potentially enabling multiplexing (Figure 2a).

7) Comment 7: There is a distinct lack of controls in the tumor work. While I understand that the authors are
using the liposome-SERS-Peg particles as “non-targeting” controls, they also need to employ another tumor line
which is known to not express CD44 as well as a normal line. There are other molecules that HA may bind to
and this needs to be done side-by-side with tumor such as 4T1. The experimental section describing the guided
imaging has no description of how in the Polyoma Middle-T antigen MMTV mice were generated: Were they
purchased? Obtained as a gij? Also, that section states “A MUC1/MMTYV mouse....” What is a MUCI/MMTV
mouse? Are there mutant mucins involved such as MUC1? There needs to be a much more detailed description
of this model and an explanation of why there is a “MUCI1” in the description?

This is a nice paper, but some issues need to be resolved before publication.

Response: We thank the reviewer for the suggestions. It is true that there are other receptors such as HA receptor
for endocytosis (HARE), lymphatic vessel endothelial hyaluronan receptor 1 (LY VE-1) for HA besides CD44.
However, these receptors are typically not found at tumor site as HARE is mainly expressed in liver and LY VE-1
is mainly found in lymphatic vessels. For the application of HA NPs in image guided surgery, they should not post
much interference.

As the NPs are targeting CD44 overexpressed on tumor cells, they are not suitable to detect CD44 negative tumor.
We have added the discussion on this limitation in the main text as the following:

There are limitations to our study. While many breast cancer cells express CD44,5% 731 due to tumor
heterogeneity, it is possible that there are cancer cells with low or no expression of CD44, which will not be
detected using our approach. For more comprehensive cancer detection, biomarkers beyond CD44 can be
targeted. With the potential for multiplexing, the SERS-NP strategy can be applied for simultaneous detection
of multiple biomarkers in one imaging session, which is a direction we will pursue.



We have added the source and more information on the Polyoma Middle-T antigen MMTYV mice. We apologize
for the mentioning of MUCI1, which was a mistake and has been corrected.

MMTV-PyMT transgenic mice were purchased from the Jackson Laboratory. In a span of 4 months, the female
mice showed the spontaneous onset of palpable breast cancer. The mice were housed at Michigan State
University’s Laboratory Animal Resources Facility. All activities and protocols related to the animal study
received approval from the Institutional Animal Care and Used Committee (IACUC) at Michigan State
University.

Reviewer 2

1. Comment 1: The authors have reported a fairly novel one-pot synthesis of a stable SERS-NP that is
colloidally linked to hyaluronic acid (HA) which would then specifically target CD44, a marker that is
prominent in many cancers and in T-lymphocytes of inflammatory cells. If this technology is feasible
and is relatively non-toxic then, the field has developed one more tool in detecting tumor and perhaps
tumor margins in a surgical and post-tumor resection setting.

Response: We thank the reviewer for the positive feedback.

2. Comment 2: We are not in the position to rigorously review the chemical synthesis and characterization
of the liposome-based HA-SERS-NP. However, it would have been nice if we had seen more stability
data through DLS measurements using the Zetasizer or through examination of the stability of the
Raman spectra over time or both? Do electron microscopy studies show changes in aggregations with
respect to time of initial synthesis or with respect to storage temperature?

Response: We thank the reviewer for the suggestions. We have performed additional stability studies. The
additional results including DLS, zeta potential and stability over time are now presented in Table S1 and Figure
S6. There were not significant changes in particle sizes with respect to time or storage temperature. Please see
response to reviewer 1 comment 2.

3. Comment 3: I also have some questions as to how they conducted their toxicity and preclinical safety
studies. I noticed that the MTS assay for in vitro cellular viability when challenged with the SERS-NP
was on Raw 264.7 cells (Figure S4) (a macrophage cell line?). No toxicity was reported up to 100 pM.
It would have been nice to see a fuller toxicity/dose response study where an actual LD50 number was
obtained. Also aside from the MTS study, we do not see the Raw 264.7 cells again in the report. The
authors focus primarily on 4T1 cells to study NP specificity (Figure 4) and I think they use the
MUC1/MMTV mouse models to examine in vivo/preclinical uptake of surgical-guided SERS-NP-HA
onto spontaneous tumors (Figure 5). Thus it is unclear, how generalizable across different cancer cell
lines are the safety and specificity data they present on their SERS-NP.  Indeed, it is not clear in their
studies how specific are their NPs are to cancer cells as opposed to inflammatory cells. ~ This will
become important even in their limited application of a post-resection setting as the tumor
microenvironment often is populated with inflammatory immune cells.

Response: We thank the reviewer for the questions. To be consistent, we have performed additional cell
viability studies with 4T1 breast cancer cells (Figure S4). The particles did not significantly affect the cell
viability up to 500 pM. Typical concentrations of the NP used for in vitro and in vivo experiments were below
250 pM. For the MTS viability assay, we were not able to get to higher NP concentrations as the NP is also
colored and would interfere with the optical absorbance reading in MTS assay at higher NP concentrations.
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Figure S4. MTS assays with 4T1 breast cancer cells indicated the NPs did not affect the cell viabilities under the
experimental condition. 4T1 cells were incubated with a) liposome-S440 SERS-PEG or b) Liposome-S421 SERS-HA for 4 h
under various NP concentrations: 0 pM, 10 pM, 20 pM, 50 pM, 100 pM, 200 pM, 300 pM, and 500 pM. No significant
changes in cell viability were observed suggesting the NPs were not toxic to cells up to at least 500 pM. For each column,
the mean value with the standard deviation was plotted. For each concentration, the values were from three samples.
Statistical analysis was performed using a two-way ANOVA. ns: P > 0.05.

As discussed in responses to Reviewer 1’s comment 7, CD44 on normal cells are typically in a low affinity
state, with little binding to HA. Thus, the SERS-NP-HA can readily differentiate normal cells vs CD44
expressing tumor cells. Our NP probes selectively target CD44, which will not bind with CD44 negative tumor
cells. This is a limitation of the current study, which has been discussed in the text as the following:

There are limitations to our study. While many breast cancer cells express CD44,1% 7! due to tumor
heterogeneity, it is possible that there are cancer cells with low or no expression of CD44, which will not be
detected using our approach. For more comprehensive cancer detection, biomarkers beyond CD44 can be
targeted. With the potential for multiplexing, the SERS-NP strategy can be applied for simultaneous detection
of multiple biomarkers in one imaging session, which is a direction we will pursue.

The reviewer is right that some inflammatory cells can bind with CD44. In the tumor microenvironment,
immune cells can infiltrate into tumor tissues and be mixed with cancer cells. Therefore, for complete
elimination of tumor at the tumor site, it is common to surgically remove the infiltrated immune cells together
with tumor. As the NPs are applied only locally to the tumor site in our application, only cells in the tumor site
will be removed. Thus, the imperfect selectivity of tumor vs immune cells is not a significant drawback.

In summary, we are very grateful for reviewers’ comments, which help us develop a stronger manuscript.
With the revisions made, I hope the paper can now be accepted. If you would require any further information,
please do not hesitate to contact us.

Sincerely,

Xuefei Huang, Ph. D.
Department of Chemistry
Michigan State University
East Lansing, M1 48824-1322
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Abstract

Surface Enhanced Resonance Raman (SERS) is a powerful optical technique, which can
help enhance the sensitivity of Raman spectroscopy aided by noble metal nanoparticles (NPs).
However, current SERS-NPs are often suboptimal, which can aggregate under physiological
conditions with much reduced SERS enhancement. Herein, a robust one-pot method has been
developed to synthesize SERS-NPs with more uniform core diameters of 50 nm, which is
applicable to both non-resonant and resonant Raman dyes. The resulting SERS-NPs are colloidally
stable and bright, enabling NP detection with low-femtomolar sensitivity. An algorithm has been
established, which can accurately unmix multiple types of SERS-NPs enabling potential multiplex
detection. Furthermore, a new liposome-based approach has been developed to install a targeting
carbohydrate ligand, i.e., hyaluronan, onto the SERS-NPs bestowing significantly enhanced
binding affinity to its biological receptor CD44 overexpressed on tumor cell surface. The
liposomal HA-SERS-NPs enabled visualization of spontaneously developed breast cancer in mice
in real time guiding complete surgical removal of the tumor, highlighting the translational potential

of these new glyco-SERS-NPs.
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Introduction

Raman spectroscopy is an attractive optical technique to simultaneously detect multiple
targets of interest. However, the low inherent sensitivity of Raman hinders its wide application.
To overcome this drawback, Raman active dyes can be deposited onto noble metal surface.l'?! An
up to 10 orders of magnitude enhancement of Raman signals can be potentially observed, which
is referred to as Surface Enhanced Resonance Raman (SERS).!3! Au-nanoparticles (Au-NPs)
coated with Raman dyes have been one of the most popular types of SERS-NPs investigated,'*
which have been applied in many areas, including chemical analysis, environmental monitoring,
and medical diagnostics.”!

To prepare Au based SERS-NPs, the Au-NP cores have been most commonly synthesized
via the sodium citrate reduction method,'® which was followed by the absorption of Raman active
probes onto the NP surface.l* 781 As the core sizes of Au-NPs are known to significantly impact
Raman signal enhancement,®!% it would be ideal that the SERS-NPs synthesized have narrow
size distributions. Furthermore, the NPs should be stable in biological media, which tend to foul
the surface of the particles resulting in NP aggregation and significantly reduced SERS properties.
Methods that can generate bright and colloidally stable SERS-NPs with uniform size and shape
distribution are important.[!->4 11-12]

For biological detections aided by SERS-NPs, another important parameter is the selective

[13

binding of NPs to the target of interests.'*! In order to accomplish this, ligands such as monoclonal

(14-13] Several strategies have been

antibodies can be conjugated to NP surface to aid in targeting.
developed to install targeting ligands including through the high affinity interactions of gold and
sulthydryl group!'® or coating of the NP with a layer of silica to introduce reactive functional
groups onto the NP surface.!'”) For example, recently, the impressive synthesis of a library of 26
gold-based SERS-NPs has been reported, which aided in the detection of multiple types of tumor
cells.'”! On the other hand, with the high cost and the relative ease of denaturing of monoclonal
antibodies, other types of targeting ligands can be explored.

Herein, we report a synthetic strategy to prepare bright and colloidally stable SERS-NPs,
which is applicable to a wide range of Raman dyes (flavors). An algorithm has been adapted to
decode the resulting library of SERS-NPs with multiple flavors through their respective

characteristic Raman fingerprints. Furthermore, as an alternative to monoclonal antibodies, a

readily available carbohydrate, i.e., hyaluronan (HA) has been investigated as the targeting ligand



O J o U bW

AT UTUTUTUTUTUTUTOTE BB DB DD DSDNWWWWWWWWWWNNNONNNMNNNNNNRE R PR ERRRRP R R
O WNRPOWVWOUJdANT D WNRPRPOW®O-TAURWNROWOWO®-JdANUD™WNRFROW®OW-JIOUD™WNR OW®W-IO U B WN R O W

81
82
83
84
85
86
87
88

&9

90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110

on SERS-NPs. However, the direct attachment of HA onto SERS-NPs failed to produce significant
targeting of the biological receptor, CD44 protein, overexpressed on tumor cells. To overcome this
obstacle, a new liposomal based synthesis approach has been established that led to a new type of
HA-SERS-NP with significantly enhanced CD44 binding. The liposomal HA-SERS-NP can
effectively guide the complete surgical removal of breast cancer spontaneously developed in mice

in real time through Raman imaging, highlighting its translational potential.

Results and discussion
Development of a robust synthesis protocol for SERS-NPs

Our synthesis of SERS-NPs started from the formation of Au-NP cores followed by coating
with a Raman active dye. The first synthetic approach we tested utilized the common method of
sodium citrate reduction of tetrachloroauric(Ill) acid to prepare NPs with an average of 50 nm
diameter.['®1°] The Au-NPs formed were then incubated with a non-resonant Raman dye such as
S420.1"%1 However, these NPs gave little SERS signals at pM NP concentration, which was
presumably because of the low amounts of dye attached to the Au-NPs with this synthetic
procedure in our hands. To improve the SERS intensities, a variety of synthetic conditions was
examined,?® which included varying the timing of dye addition vs the formation of Au-NPs, and
the addition of additives such as ammonia hydroxide to stabilize Au-NPs formed before the
installation of the Raman dye. However, none of these efforts yielded stable NPs with strong SERS
signals.

Another complication observed in the synthesis was the inhomogeneity of the NP core
formed. It is known that the optimal core diameters of the Au-NPs around 50 nm are ideal for
maximum SERS enhancement.!'” When Au-NPs synthesized were larger than 30 nm through the
sodium citrate reduction method, significant heterogeneities in shape and size of Au-NPs were
observed (Figure S2), which were consistent with literature reports./>!-??]

The aforementioned difficulties encountered in SERS-NP synthesis prompted us to
examine alternative procedures. While there are many methods for the preparation of Au-NPs,!!"
23301 only a few of them have been applied to the formation of SERS-NPs with strong SERS signals

applicable to multiple Raman dyes. After exploring various synthesis strategies, the seed mediated

growth method with tris base*!! (Figure 1) turned out to be the best in our hands.
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Figure 1. Synthesis and characterizations of SERS-NPs. (a) Schematic illustration of the tris base
assisted synthesis of SERS-NPs. Au-NP seeds were first produced via the sodium citrate reduction
method, which was followed by seed mediated growth via tris base leading to 50 nm Au-NPs at
100 °C. The Raman dye was added right after the formation of 50 nm Au-NPs and stirred for 1
minute, followed by immediate cooling down in an ice bath. This method was applicable for both
non-resonant and resonant dyes yielding bright SERS signals with the concentrations of dyes
needed differing significantly between non-resonant dyes (10 uM) and resonant dyes (50 nM).
TEM images of (b) Au-NP seeds and (c) SERS-NPs. (d) UV-vis spectra and (e) hydrodynamic
diameters of Au-NP seeds and SERS-NPs in MilliQ water at room temperature. f) Structures of
non-resonant dyes (S420, S421, S440, S481, and S493) and resonant dyes (IR780, and Cy5.5)
examined for SERS-NP formation.

For the seed mediated growth strategy, Au-NP seeds with average diameters of 17 nm were
synthesized first with sodium citrate as the reducing agent. The Au-NP seeds were then mixed
with a solution of tris base heated at 100 °C followed by the addition of tetrachloroauric acid,
which triggered NP growth to form 50 nm Au-NPs by tuning the number of seeds vs the amount
of tetrachloroauric acid added. To install the Raman dye, we discovered that upon formation of
the 50 nm Au-NPs, a dye such as S420 (10 uM) should be immediately added to the NP solution
at 100 °C. The resulting SERS-NPs were stable in solution and gave bright Raman signals. The
schematic illustration of the synthesis of SERS-NPs was shown in Figure 1a. Addition of the dye
after the Au-NP solution had cooled down, before or during seeded growth of the NPs, failed to

produce SERS-NPs with strong Raman signals. Thus, the small-time window for Raman dye



O J o U bW

AT UTUTUTUTUTUTUTOTE BB DB DD DSDNWWWWWWWWWWNNNONNNMNNNNNNRE R PR ERRRRP R R
O WNRPOWVWOUJdANT D WNRPRPOW®O-TAURWNROWOWO®-JdANUD™WNRFROW®OW-JIOUD™WNR OW®W-IO U B WN R O W

135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159

installation right after the formation of Au-NPs is critical, presumably because the nascent Au-NP
surface has a significant number of vacant sites for the Raman dye to bind. Au-NP seeds and
SERS-NPs were characterized by UV-vis spectroscopy, transmission electron microscopy (TEM),
dynamic light scattering (DLS), and { potential analyses (Figures 1b-1e and Table S1). These
SERS-NPs were more homogeneous in size distribution with average diameters of 50 nm
compared to those prepared directly via the citrate reduction method (Figure 1¢ and Figure S2).
The surface plasmon resonance (SPR) bands observed at 517 nm and 527 nm were also an
indication of the formation of 17 nm Au-NP seeds and 50 nm SERS-NPs respectively (Figure
1d).?! The size distribution of the 50 nm SERS-NPs prepared via the seed mediated synthesis was
further validated from their hydrodynamic size measured by dynamic light scattering analysis
(Figure 1e). The C potentials of the SERS-NPs were around -35 mV, which was more positive
than that of the NP seed (- 41 mV) presumably due to the displacement of negatively charged
sodium citrate from NP surface by tris base (Table S1).5!!

The generality of our synthesis procedure for both non-resonant and resonant Raman dyes
was investigated. SERS-NPs bearing non-resonant Raman dyes>3! $420, S421, S440, S481, and
S493 (Figures 1f and S1) respectively showed strong SERS Raman signals. Despite similarity in
structures of some Raman dyes (for example S420 vs S421), these dyes have distinct fingerprint
patterns in their respective Raman spectra potentially enabling multiplexing (Figure 2a). For
resonant Raman dyes (dyes with absorbance overlapping with the wavelength of the incident light)
such as IR780, interestingly, when 10 uM of the IR780 dye was used as for the non-resonant dye,
it led to instantaneous aggregation of Au-NPs. Upon careful optimization, it was discovered that
50 nM of IR780 was sufficient to produce bright NPs. This supported the idea that with the
extended conjugated structure, a resonant Raman dye can have a higher affinity to Au-NPs as
compared to a non-resonant Raman dye. Besides IR780, resonant Raman dyes IR792 and Cy5.5

also produced NPs with strong signals with IR792 giving similar SERS spectrum as that of IR780.
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Figure 2. (a) Raman spectra of SERS-NPs (S420, S421, S440, S481, S493, IR780, and Cy5.5). (b)
The intensities of the highest peaks of Raman spectra of SERS (S440)-NP correlated linearly with
NP concentrations. The insert in the figure shows that SERS (S440)-NP can be sensitively detected

at low fM concentrations.

Detection limit analysis and ratiometric quantification of mixtures of various flavors of
SERS-NPs

Detection limits of the SERS-NPs synthesized were evaluated. The intensities of Raman
signals from solutions (200 pM, 100 pM, 20 pM, 4 pM, 800 fM, 160 M, 32 fM, and 6 fM)
containing various flavors of SERS-NPs (S420, S421, S440, S481, S493, IR780, and Cy5.5
(Figure 1f)) were measured. These Raman dyes were selected due to their distinct Raman signals
and commercial availabilities. As shown in Figure 2b, even at 6 fM concentration, NP such as
S440 SERS-NP could still be detected.

An important application of the SERS-NPs is to use a library of SERS-NPs to detect
multiple targets simultaneously. In order to accomplish this, an unmixing algorithm needs to be
established. Phantoms with mixtures of three flavors of SERS-NP at seven different ratios of the
SERS-NPs were prepared (Figure S3a). Three sets of spectra were acquired: 1) spectra of the

solutions of various mixed NPs; 2) the reference spectrum for each flavor; and 3) background
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spectra, i.e., the spectra of the plastic tube container filled with water. Codes were prepared and
applied to demultiplex the components, which accurately determined the ratios of the various
flavors of the particles in the mixture (Figure S3b).

Ligand attachment to SERS-NPs

For biological detection, it is desirable that targeting ligands can be attached to the SERS-
NPs. The most common ligand type investigated for SERS-NPs to date is monoclonal
antibodies.['”) While antibodies can bestow high specificity in target binding, they can be
expensive especially for pre-clinical studies (hundreds of $ per 100 pg) and can denature upon
extended storage. Although the cost of monoclonal antibodies can be potentially managed with
wide clinical adaption, as an alternative, we explored polysaccharides such as HAP* as the
targeting ligand. HA is readily available commercially (~$200/g), can be stored for extended
periods, and is biocompatible as highlighted by its common usage in the cosmetic industry. A
major receptor of HA in human bodies is the glycoprotein CD44.1*>1 On normal cells, CD44 exists
primarily in the inactive low affinity form exhibiting minimal binding with HA,*% which can be
converted to the active high HA affinity structure in the presence of inflammatory signals.””! In
contrast, tumor-derived cells often express CD44 in its high-affinity state capable of constitutively
binding HA,"*3 and the high affinity CD44 is found over-expressed on the surfaces of a wide range
of cancer cells.*>**) HA has been conjugated to a variety of NPs for imaging applications such as
magnetic resonance imaging and fluorescence!**-*% or in vitro enzyme detection.!*”] However, to
the best of our knowledge, it has not been utilized for in vivo SERS-NP based detection.

To attach HA on SERS-NPs, the first approach attempted was to coat SERS-NPs with a
layer of'silica to introduce functional groups such as amine onto NPs.!'8] The Stéber method is one
of the most common approaches for silica coating on NPs through the hydrolysis of
tetraethoxysilane (TEOS) with ammonia hydroxide as the base.[**) However, in our synthesis, the
addition of ammonia hydroxide to promote the silica formation on NPs significantly reduced SERS
signals of the resulting NPs presumably due to desorption of Raman dye from NPs in the process.
Increasing the concentration of the Raman dye to 1 mM during TEOS coating of SERS-NPs did
not improve the Raman signals. While silica coated SERS-NPs have been reported,!!”> *1 our
results are consistent with the findings that silica coating can significantly reduce SERS

intensities.! 3%
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As an alternative to silica coating to attach biomolecules to Au-NP surface, ligands can be
functionalized with sulfhydryl groups by taking advantage of the strong gold-thiol interactions.!”
SSTHA (average MW: 10 kDa) was thiolated and incubated with the SERS-NPs overnight followed
by repeated centrifugation to remove unbounded HA.

Colloidal stability of NPs is important for biological applications. While the uncoated
SERS-NPs were readily dispersed in water, these particles aggregated in PBS buffer as evident
from the precipitation observed and the loss of color in the supernatant (Figures S4ai vs S4aii).
HA coating of SERS-NPs significantly improved the colloidal stability of the particles with HA-
SERS-NPs stable in PBS buffer with no precipitation for more than six months (Figure S4aiii).
Consistent with HA installation, there was an increase in the hydrodynamic diameter and change
in the { potential of the HA-SERS-NPs as compared to the uncoated SERS-NPs (Figure S4b and
Table S1). To confirm that HA immobilized retained their biological binding, a competitive
enzyme linked immune-sorbent assay (ELISA) was set up,°®>7 where the HA-SERS-NPs were
used to compete against native HA polysaccharide for binding with immobilized CD44 in ELISA
wells (Figures S4c and S4d). As SERS-NPs are often applied at relatively low concentrations
(pM), the HA-SERS-NPs formed with this direct coating method were assayed up to 250 pM
concentrations. However, these HA-SERS-NPs showed relatively weak affinities for CD44 as
evident from the significant (~50%) CD44 binding remaining even with 250 pM of SERS-NPs
(Figure S4d). To test the possibility that Raman dye installed on the SERS-NPs interfered with
HA binding, thiolated HA was also incubated with Au-NPs without Raman dye. The resulting NPs
did not have stronger binding with CD44 in the competitive ELISA assay either (Figure S4e). The
usage of higher molecular weight HA (MW: 250 kDa and 1,500 kDa) for NP coating did not lead
to improvement in binding (Figure S4e). The weak avidity of such HA-NPs with CD44 was
presumably due to the insufficient amounts of HA immobilized on NP surface.

We explored various methods to enhance the affinity of SERS-HA-NPs with CD44. We
envision that stronger binding may be achieved with higher loading of HA on the NPs. To
accomplish this, we explored liposomal formulation®® of SERS-NPs, which have not been
investigated before. The thin-film hydration method was applied first using a solution of SERS-
NPs to hydrate the lipid film. However, extensive NP aggregation was observed during the
hydration process, as indicated by the color change to black. To overcome this, SERS-NPs were

incubated with thiolated HA (HS-HA) first, which were then used to hydrate the lipid film (Figure
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3a). No significant absorbance change or aggregation (via UV-vis absorption and hydrodynamic
diameter) was observed for liposome-SERS-HA after 24 h of incubation (Figure SS) in PBS and
serum. Thus, the resulting liposome-SERS-HA were colloidally stable in PBS buffer and serum.
As a control, thiolated polyethylene glycol (PEG-SH, MW 5 kDa) was immobilized onto SERS-
NPs following the same liposomal formulation strategy as liposome-SERS-HA (Figure 3a). The
TEM images of the SERS-NPs before and after the liposomal complex formation showed that
SERS-NPs were bound on the surface of liposome (Figures 3b-e). The formation of liposomal
complexes was evidenced from the increase of the hydrodynamic diameter (Figure 3f) and change
in { potential (Table S1). Interestingly, this new liposome-SERS-HA exhibited strong CD44
binding in the competitive ELISA assay with the avidity of CD44 significantly improved compared
to the HA-SERS-NPs formed without liposome formulation as 15 pM of liposome-SERS-HA
almost completely inhibited HA binding with CD44 with a dose dependent response (Figures 3g
and 3h vs Figure S4d). HA thiolation was important as liposome-SERS-NPs obtained with the
non-thiolated HA did not compete against HA for CD44 binding (Figure 3g). It is known that HA
can interact with phospholipids through hydrogen bonding and hydrophobic interactions with HA
distributed in punctate patterns on lipid bilayer surface.’>”) The sulthydryl groups in thiolated
HA may cluster HA around SERS-NPs on the liposomes enhancing the avidity with CD44. Under
the same experimental conditions, liposome-SERS-PEG exhibited no competition against HA in
the competitive ELISA assay either, highlighting the important role of HA for SERS-HA binding
with CD44 (Figure 3h).
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Figure 3. Synthesis and characterizations of liposome-SERS-HA and liposome-SERS-PEG. (a)
Schematic illustration of the synthesis of liposome-SERS-HA/PEG. TEM images of (b) S420
SERS-NP, (c) S481 SERS-NP, (d) liposome-S420 SERS-PEG, and (e) liposome-S481 SERS-HA.
SERS-HA/PEG NPs were anchored on the surface of the liposome. (f) DLS data of SERS-NPs
and liposome-SERS-HA/PEG. The increased size is an indication of liposome anchoring. (g)
Competitive ELISA showed that HA attachment was successful only with thiolated HA. Strong
competition was observed at 20 pM liposome-SERS-HA. (h) Liposome-SERS-HA could compete
against HA for CD44 binding in a dose dependent manner from 5 pM to 20 pM, while the
corresponding liposome-SERS-PEG showed no effects at the equivalent concentrations. The error

bars represent the standard deviations from three experiments.

The amount of HA on the liposome-SERS-HA was quantified. Comparison of the CD44
binding by liposome-SERS-HA vs HA polymer showed that 20 pM of liposome-SERS-HA

contained an equivalent of 2.2 uM HA, which corresponded to 18% w/w. In parallel, the amount
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of HA attached to HA-SERS-NPs was quantified by the carbazole assay following acid cleavage
of HA from the NPs,!°!l which gave the average HA loading of 5%. Higher loading percentage of
HA determined from the competitive ELISA assay may be due to the enhanced multi-valency
effect after HA attachment to the SERS-NPs, which may be through thiol-gold interaction®!! and
HA binding to liposome.[¢?]

Stability and biocompatibility of SERS-NPs in biological milieu

For biological applications, it is important that the NPs are stable and biocompatible in
biological milieu. /n vitro cytotoxicity assay was performed to evaluate the toxicity of SERS-NPs
in 4T1 cells. The MTS cell viability assay showed that SERS-NPs were not toxic up to the highest
concentration tested (500 pM) (Figure S6). In addition, the colloidal stabilities of the SERS-NPs
were examined under various conditions. As shown in Figure S5, UV-vis spectroscopy and DLS
measurements of HA-SERS-NP showed little changes in nanoparticle sizes under high salt (10 x
PBS) and 50% serum incubation suggesting the high stability of the particles. There were no
significant changes in SERS intensities either when stored at 4°C over 3 weeks (Figure SSc).
Targeted SERS imaging of breast cancer cells

The in vitro SERS imaging of breast cancer cells was carried out using liposome-SERS-
HA with liposome-SERS-PEG as the control. Breast cancer cell 4T1 was explored as the target
cell, which expresses a high level of CD44 on the surface.[®** 4T1 cells were incubated with
solutions of liposome-SERS-PEG and liposome-SERS-HA respectively under the same
experimental conditions. The cells were then rinsed with the buffer to remove the unbound
particles, and Raman signals were recorded. Cells incubated with liposome-S440 SERS-PEG did
not show any significant Raman signals (Figures 4a-c) indicating little non-specific binding of
liposome-SERS-PEG with the cells. In contrast, strong Raman signals were obtained from the cells
incubated with the liposome-S421 SERS-HA (Figures 4d-f) demonstrating the binding of
liposome-SERS-HA to the breast cancer cells. Similarly, other flavors of SERS-NP could also be
used for the HA dependent detection of 4T1 cells demonstrating the generality (Figures S7,8).
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Figure 4. Images of 4T1 cells incubated with liposome-S440 SERS-PEG (panels a-c, control
without targeting) and liposome-S421 SERS-HA (panels d-f. HA is used for targeting CD44
protein overexpressed in 4T1 cells) upon removal of unbound particles. (a) Bright-field
microscopy image of 4T1 cells, (b) S440 SERS image of 4T1 cells, (c) overlay of a and b images.
(d) Bright-field microscopy image of 4T1 cells, (e) S421 SERS image of 4T1 cells, (f) overlay of
d and e images. The spectra were recorded using 50X objective lens with 10 X 10 number of pixels,
5 frames accumulation, 2 um step size, and 1 s exposure time. Colorimetric weight factors in panel
b indicated that there were no SERS signals obtained demonstrating no non-specific binding of
liposome-S440 SERS-PEG by the cells was detected. In contrast, the significant signals from panel
e suggest the significant binding of liposome-S421 SERS-HA with 4T1 cells.

Liposome-SERS-HA enabled successful image-guided surgery of breast cancer
spontaneously developed in mice

Breast cancer is the leading cause of cancer and the second most frequent cause of death in
female cancer patients. Breast conserving surgery (BCS), also referred to as lumpectomy, is the
most widely used surgical procedure and standard of care for a majority of breast cancer.[**) BCS
aims to completely remove the tumor while preserving surrounding healthy breast tissue. However,
cancer often grows in an irregular shape, and there may be microscopic components extending
from the main tumor, rendering it challenging to ensure complete tumor resection. Breast surgical

oncologists typically rely on palpation and experience during surgery to determine the tumor
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margin. Intraoperative frozen section assessment can be performed,® but it can significantly
increase the total time needed for the operation as it is time consuming for the pathologist to
evaluate the ill-defined cancer. Furthermore, some cancers are so small or nonpalpable that frozen
section is not performed for fear of losing tumor specimen. After surgery, the tissues removed are
commonly subject to histological analysis. If tumor is observed at the margin (termed “positive
margin”), it would indicate that there is residue tumor left at the surgical sites and there are
increased risks of in-breast tumor recurrence, thus necessitating additional surgery.l®”! Re-excision
requires a second surgical trip, additional stress to the patient, and sometime weeks before the
patient can be determined to have had a cancer-free resection. The re-excision lumpectomy rate
(RELR) for some individual surgeons within the United States can be as high as 70%.[*! Thus, a
method that can image tumor intraoperatively and aid the surgeon to completely remove tumor
without significantly increasing in-surgery time will be tremendously beneficial.

SERS-NPs have been investigated to image freshly excised mouse breast cancer tissues ex
vivo to provide feedback for tumor removal.[®7% It would be more desirable that the surgical sites
can be directly imaged during surgery in real time. In addition, current studies on SERS-NPs
guided surgery have only utilized xenografted mouse breast cancer model rather than the
spontaneous breast cancer.[®-7%]

For our study, to more closely mimic human breast cancer clinical conditions, we obtained
the mouse mammary tumor virus promoter (MMTV)-polyoma virus middle T (PyMT) mice.

[71-72] A5 a result, all

These mice express the PyMT antigen with the MMTYV promoter/enhancer.
female PyMT/MMTYV mice spontaneously develop multiple palpable mammary tumors within 4—
6 months with a more native breast cancer microenvironment and tumor morphology as compared
to xenografted breast cancer.

With the tumor bearing mice, breast conserving surgery was performed by first removing
the tumor surgically guided by palpating the tumor tissue area. A solution of liposome-S421 SERS-
HA was then sprayed on the tumor site of resection to detect residual tumor. After 3 minutes, the
surgical site was rinsed with buffer to remove unbound particles. Raman signals were observed in
the tumor site. However, it was unclear to what extent the non-specific binding of NPs by the
tissues played in the retention of the NPs in the surgical site.

To reduce the influence of non-specific binding and more accurately depict tumor in mice,

we mixed the liposome-S440 SERS-PEG with liposome-S421 SERS-HA at 1 : 1 ratio. Tumor
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bearing MMTV-PyMT mice were subjected to tumor removing surgery, which was followed by
spraying of the mixed NP solution and removal of unbound particles through washing. After the
first surgical removal of the tumor, particle spraying and washing off unbound particles, S440
signals were observed not only in part of the tumor site but also in some of the surrounding normal
tissues presumably reflecting the non-specific retention of the NPs by tissues. To more precisely
define the tumor location, the Raman signals from the surgical site were unmixed to calculate the
ratio of the signal intensities from S421 over S440. Hotspots with significantly higher S421 signals
over those of S440 in ratiometric images of the tumor would be indicative of tumor presence
attributed to HA binding with CD44 expressed in tumor. After surgical removal of tumors three
times, the surgical site was free of tumor signals (Figure 5). The tumor removed and corresponding

IHC and H&E images of resected tumor were shown in Figure S.
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Figure 5. Raman image-guided surgery using the mixture solution of liposome-S421 SERS-HA

and liposome-S440 SERS-PEG. (a) Photograph of the tumor bearing mouse before surgery; (b)
Sequential tumor resection, (bl) photographs of the tumor area, (b2) the ratiometric Raman
(S421/5440) images, (b3) overlaid ratiometric images with photographs the tumor areas before
surgery and after each of the three surgical removal of the tumor; The scale bar is for S421/5440
weight ratio. (¢) H&E and THC images of resected tumors from (b), (c1-c2) H&E images of the
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tumor acquired by 10X and 40X magnification, respectively, and (c3) the corresponding IHC

images of the tumor acquired by 40X magnification.

To confirm the in vivo imaging results in mice, ex vivo staining was carried out with the
surgically removed tumor, and other tissues including liver, heart, and kidney. Resected tissues
were stained with a mixture of liposome-S421 SERS-HA and liposome-S440 SERS-PEG followed
by repeated washing with PBS buffer to remove unbound particles. Raman imaging was performed
and the ratiometric images were generated (Figure 6). Preferential accumulation of liposome-
SERS-HA over liposome-SERS-PEG was observed on tumor tissue, but not in liver, kidney or
heart tissue. The results from ex vivo staining corroborated with the in vivo images and the targeting
ability of liposome-SERS-HA particles.

(a)

Tumorl Tumor2 Liver Heart Kidney

! (d)
l‘ (" . Q Average Ratio-metric Raman Weight
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(b) 3 I
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Figure 6. Ratiometric images of the mixture solution of liposome-S421 SERS-HA and liposome-

Tumorl Tumor2 Liver Heart Kidney

S440 SERS-PEG applied on the tumor and control tissues. (a) Photograph of the tissues; (b)
Ratiometric Raman images of signal intensities of S421 over those of S440; The scale bar is for
S421/S440 weight ratio. (c) Overlaid images of the photograph and the ratiometric Raman images;
(d) The average values of ratiometric Raman weight from various tissues. The much higher
intensities from the tumor sites confirm the abilities of the liposome-S421 SERS-HA to target

tumor.

4,571 due

There are limitations to our study. While many breast cancer cells express CD4
to tumor heterogeneity, it is possible that there are cancer cells with low or no expression of CD44,

which will not be detected using our approach. For more comprehensive cancer detection,
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biomarkers beyond CD44 can be targeted. With the potential for multiplexing, the SERS-NP
strategy can be applied for simultaneous detection of multiple biomarkers in one imaging session,

which is a direction we will pursue.

Conclusions

A facile one-pot synthesis of SERS-NPs has been developed, which is applicable to a variety
of Raman dyes including both resonant and non-resonant Raman dyes. Using the seed growth
method assisted by tris base, the synthesized 50 nm spherical SERS-NPs have more homogeneous
size and shape distribution, which is a significant improvement compared to those prepared with
the more traditional direct sodium citrate assisted synthesis. Bright SERS Raman signals were
observed with the NPs synthesized, which could be detected with fM sensitivity. The multiple
flavors of the SERS-NPs available enabled multiplex imaging with the necessary algorithm
established to unmix the flavors and accurately determine the ratios of various flavors present.

For biological detection, an important attribute of the SERS-NPs is their ability to selectively
bind with the target of interests. The direct attachment of the targeting ligand HA to SERS-NPs
gave relatively low binding to the target protein CD44. Instead, a new liposomal based synthesis
strategy was established to install HA onto the SERS-NPs, which had significantly higher CD44
binding compared to the corresponding HA-SERS-NPs without the liposome formulation. The
liposome-SERS-HA enabled successful image-guided removal of breast cancer via surgery from
a spontaneous mouse breast cancer model. With their bright Raman signals, availability in
multiple flavors, high biocompatibility and colloidal stabilities, and the high targeting abilities, the
liposomal SERS particles prepared in this study have powerful translational potential for image
guided surgery. Furthermore, the successful application of liposome-SERS-HA in real time image-
guided surgery opens a new avenue to investigate polysaccharides as potential targeting agents for
SERS applications complementing current antibody-based strategies.

Experimental section
Reagents

Sodium hyaluronan (10 kDa) was purchased from Lifecore Biomedicals. HS-PEG and HS-
HA of different molecular weight were purchased from Creative PEGWorks. Trisodium citrate
dihydrate (C4H;Na;0,-2H,0, 99.0%), tris base (NH2C(CH20H)3,99.9%), and gold(III) chloride
trihydrate (HAuCl,-3H,0, 99.995%), 4,4'-dipyridyl (S420), d8-4,4’-dipyridyl (S421), trans-1,2-
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bis(4-pyridyl)-ethylene (S440), 4-azobis(pyridine) (S481), 2,5-bis(4-pyridyl)-1,3,4-thiadiazole
(S493), IR780 and Cy5.5, cholesterol as well as other chemicals were purchased from Sigma
Aldrich unless otherwise stated. 1,2-Dipalmitoyl-sn-glycero-3-PC (DPPC) was obtained from
Cayman Chemical. Deionized water (Milli-Q grade, Millipore) with a resistivity of 18.2 MQ cm
was used throughout the experiment.
NP characterization

The size of the NPs was measured by dynamic light scattering (DLS) and surface charge
was obtained by ( potential using a Zetasizer Nano zs apparatus (Malvern, U.K.). SpectraMax M3
plate reader was used to record UV-vis absorption spectra. The TEM images of the NPs were
acquired with a TEM (JEM- 2200FM) operating at 200 kV using Gatan multiscan CCD camera
with Digital Micrograph imaging software.
Raman Measurements and Spectral Unmixing Processing.

Raman measurement was carried out using both Andor system (Figure S8) and Renishaw
inVia Reflex Raman system. Principal component analysis (PCA) was employed for spectral
unmixing to attain weight values.

Sodium citrate assisted synthesis of SERS NPs

A 250 mL Erlenmeyer flask was cleaned extensively by washing with Aqua regia, then with
DI water. 100 mL MilliQ water was added to the 250 mL Erlenmeyer flask, boiled and discarded
for further washing. Then MilliQ water (48 mL) and 25 mM HAuCl4 solution (0.5 mL) were added
into the 250 mL Erlenmeyer flask and capped with aluminum foil. For a standard hot plate
(Corning PC-4200), the stirring was set to 500 RPM, and heating was set to 500 °C, for vigorous
stirring and heating. Under vigorous stirring, the solution was heated to boiling, followed by the
addition of sodium citrate (5 mg/mL, 0.75 mL). Color change occurred within 4 minutes,
indicating the formation of Au-NPs. Subsequently, a solution of S440, S420, S421, or S481 (5 uL
1 mM) in DMF was added. Stirring was kept for another 2 minutes, followed by cooling down in
ice bath, and centrifugation at 5000 g at 4 °C for 10 minutes to collect SERS NP pellet.

Tris base assisted synthesis of SERS NPs

Synthesis of 17 nm seeds: A 250 mL Erlenmeyer flask was cleaned extensively by
washing with Aqua regia, then with DI water. MilliQ water (100 mL) was added to the 250 mL
Erlenmeyer flask, boiled and discarded for further washing. MilliQ water (48 mL) was added into
the Erlenmeyer flask and capped with aluminum foil. For a standard hot plate (Corning PC-4200),
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the stirring was set to 500 RPM, and heating was set to 500 °C for vigorous stirring and heating.
When the solution started to boil, HAuCls solution (25 mM, 0.5 mL) was added, followed by the
addition of 1% sodium citrate solution (1.5 mL). With the addition of sodium citrate, Au-NP
formation was initiated. Color change occurred within 5 minutes, indicating the formation of Au-
NPs. The solution was kept stirring for another 8 minutes after the addition of sodium citrate. Gold
colloidal was then cooled down in an ice bath. The volume of the solution was adjusted to 50 mL.

Synthesis of S0 nm SERS NPs: A 250 mL Erlenmeyer flask was cleaned extensively by
washing with Aqua regia, then with DI water. MilliQ water (100 mL) was added to the 250 mL
Erlenmeyer flask, boiled and discarded for further washing. MilliQ water (91 mL) was added into
200mL Erlenmeyer flask and capped with aluminum foil. For a standard hot plate (Corning PC-
4200), the stirring was set to 500 RPM, and heating was set to 500 °C for vigorous stirring and
heating. When the solution started to boil, 0.1 M tris base (4 mL) was added. Then 3 mL seed
solution was added, followed by the addition of 25 mM HAuCls (1 mL). The addition of
tetrachloroauric acid initiated the formation of AuNPs. Color change occurred within 3 minutes.
Then 10 uLL Raman dye solution (100 mM for S420, S421, S440, S481 and S493, 500 uM for
IR780 and Cy5.5) was added and stirring was kept for exactly 1 minute. Then gold colloidal was
cooled down in ice bath for 3 minutes, followed by centrifugation at 5000g at 4 °C for 10 minutes.
Supernatant was carefully removed without disturbing the pellets. SERS NPs were redispersed
into MilliQ water. Concentration was measured using calibration curve established with absorption
at 527 nm.
Competitive ELISA

The competitive ELISA was performed using CD44-FC y chimera (0.2 pg/well, R&D
systems, cat no. 3660-CD) as the coating antigen following a literature procedure.”! The abilities
of HA (10 kDa, 1 pg/well, 100 pL), or liposome-SERS-HA (at equivalent HA amount) to compete
against b-HA (0.5 pg/well, 100 pL) for CD44 binding was determined.
MTS assay with SERS-NPs

4T1 cells (1 x 10° cells/mL, 200 uL corresponding to 20,000 cells per well) were dispersed

in RPMI cell culture media containing FBS (10 %) and cultured in a 96-well plate for 16 h in the
presence of 5 % CO; at 37 °C. The media was removed, and the cells were washed two times with
PBS. The cells were incubated with various concentrations (0 pM, 10 pM, 20 pM, 50 pM, 100 pM,
200 pM, 300 pM, and 500 pM) of liposome-SERS-PEG or liposome—SERS—HA for 4 h. The
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supernatants were removed, and cells were washed with PBS two times. MTS reagent (Promega,
cat no. G358C) dispersed in medium (17%) was added and incubated for another 3 h in the dark.
A brown color appeared in the wells containing live cells. The absorption of each well was
measured at 490 nm using a SpectraMax M3 plate reader, with the absorbance from wells without
cells (blanks) subtracted as background from each sample.
Synthesis of liposome-SERS-HA/PEG

Liposome-SERS complexes were prepared through a modified thin film hydration method.
Briefly, DPPC (2 mg) and cholesterol (0.5 mg) were dissolved in CHClz / MeOH (v/v, 2 : 1, 0.5
mL), and dried using a rotary evaporator at 37 °C to form a lipid film. The film was hydrated with
SERS-HA or SERS-PEG solution. For SERS-HA, SERS NP (200 pM, 500 pL) was mixed with
100 pL 10 mg/mL HS-HA (10 kDa) and incubated overnight. For SERS-PEG, SERS NPs (200
pM, 500 pL) were mixed with HS-PEG (5 kDa, 10 uL 10 mg/mL) and incubated overnight. During
hydration, the solution was kept still for 30 minutes without sonication. Then the solution was
pipetted up and down to facilitate the hydration process followed by water bath sonication. The
complex was centrifuged down at 2500 g for 5 minutes, washed two times by repeated
centrifugation to remove unbounded PEG, HA and empty liposome, and redispersed back into
MilliQ water.
Stability of liposome-SERS-HA/PEG in PBS

Liposome-SERS-HA/PEG dissolved in water were placed in glass vials (1 mL, 200 pM).
A phosphate-buffered saline (1x and 10x) solution (0.1 mL) was added to the vials. UV-vis
measurement and dynamic light scattering (DLS) measurement were carried out before and after
the addition of PBS solution.
Stability of liposome-SERS-HA/PEG in serum

An aqueous solution of liposome-SERS-HA/PEG in water was introduced to undiluted
mouse serumina 1 : 1 v/v ratio, followed by a 24-hour incubation at 37 °C. Afterward, the samples
were centrifuged at 10,000 rpm, and the supernatants were removed. The samples were then re-
suspended in distilled water and centrifuged again at 10,000 rpm. The precipitates were collected
and re-suspended, and UV-vis and DLS measurements were conducted.
Carbazole assay for hyaluronan quantification

The sample (50 pl) was mixed with sodium tetraborate in sulfuric acid (25 mM, 200 uL)

ina 0.7 mL tube, and heated at 100 °C for 10 minutes. This was followed by the addition of 0.125%
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carbazole in absolute ethanol (50 pL) after the sulfuric acid solution cooled down. The mixture
was then heated at 100 °C for another 10 minutes. After cooling down to room temperature, the
mixture (200 pL) was transferred into wells in a 96 well microtiter plate, and the optical densities
at 550 nm were measured.
Cell culture for Raman imaging

Breast cancer cell line, 4T 1cells (~0.2 x 10° cells/mL) were grown on custom-made (6 mm
x 6 mm x 1 mm thick, CHEMGLASS Microscope Slide, GRAINGER) quartz-bottomed 100 mm
Petri dish containing 13 mL RPMI 1640 culture medium supplemented with 10% v/v FBS and 1%
penicillin-streptomycin in an incubator at 37 °C with 5% CO; for 2 days. Cells grown on quartz
were transferred into 48 well-plate and fixed with 10% NBF solution upon the incubation for 30
minutes at 4 °C following washing with PBS for two times. The cells were incubated with
liposome-SERS-HA/PEG (100 pM) for 3 hours at 4 °C with a gentle shaking of 90 rpm following
two times washing by PBS.
Image-guide surgery through SERS imaging

The staining solution was prepared by mixing Liposome-S421 SERS-HA (500 pM) and
Liposome-S440 SERS-PEG (500 pM) at 1 : 1 ratio. MMTV-PyMT transgenic mice were
purchased from the Jackson Laboratory. In a span of 4 months, the female mice showed the
spontaneous onset of palpable breast cancer. The mice were housed at Michigan State University’s
Laboratory Animal Resources Facility. All activities and protocols related to the animal study
received approval from the Institutional Animal Care and Used Committee (IACUC) at Michigan
State University. An MMTYV mouse was put under anesthesia with 5% isoflurane in oxygen. The
tumor area was first opened, and the tissue background was scanned. Then 50 pL of the staining
solution was topically applied to both the tumor area and surrounding normal area. After 15
minutes, the staining area was washed with PBS three times. Raman mapping of the tissue area
was obtained before and after the washing process. Then a portion of the tumor was removed,
followed by repeated staining and imaging. The whole process is repeated until all the tumor is
removed. Dissected tissue was fixed with paraformaldehyde (4 %) for H&E and THC staining. All
animal experiments were performed in accordance with the guidelines of the Institutional Animal
Care and Use Committee (IACUC) of Michigan State University (approved protocol #:
PROTO0O202100095).
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Statistical Analysis

All data were represented as mean + standard deviation (SD) (n=3) unless specified otherwise.
Statistical significance between two groups was assessed using two-way ANOVA and the
significance level was set at a value of 0.05. The data were indicated as ns: P > 0.05; *: P <0.05.

The statistical analysis was performed using GraphPad.
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