
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
Ju

ly
 2

02
0.

 D
ow

nl
oa

de
d 

on
 7

/1
8/

20
25

 1
1:

23
:1

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
High-content an
aMolecular and Cellular Biology Program, Un

Pleasant St., Amherst, MA 01003, USA. E-

chem.umass.edu
bDepartment of Chemistry, University of Ma

Amherst, MA 01003, USA

† Electronic supplementary informa
10.1039/d0sc02792h

‡ Y. G. and J. H. contributed equally to th

§ Present address: State Key Laboratory of
Food Science of Jiangnan University, Jian

Cite this: Chem. Sci., 2020, 11, 8231

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 15th May 2020
Accepted 17th July 2020

DOI: 10.1039/d0sc02792h

rsc.li/chemical-science

This journal is © The Royal Society o
d high-throughput identification
of macrophage polarization phenotypes†

Yingying Geng,‡ab Joseph Hardie,‡b Ryan F. Landis,b Javier A. Mas-Rosario,ab

Aritra Nath Chattopadhyay,b Puspam Keshri,b Jiadi Sun,§b Erik M. Rizzo,b

Sanjana Gopalakrishnan,b Michelle E. Farkas *ab and Vincent M. Rotello *ab

Macrophages are plastic cells of the innate immune system that perform a wide range of immune- and

homeostasis-related functions. Due to their plasticity, macrophages can polarize into a spectrum of

activated phenotypes. Rapid identification of macrophage polarization states provides valuable

information for drug discovery, toxicological screening, and immunotherapy evaluation. The complexity

associated with macrophage activation limits the ability of current biomarker-based methods to rapidly

identify unique activation states. In this study, we demonstrate the ability of a 2-element sensor array

that provides an information-rich 5-channel output to successfully determine macrophage polarization

phenotypes in a matter of minutes. The simple and robust sensor generates a high dimensional data

array which enables accurate macrophage evaluations in standard cell lines and primary cells after

cytokine treatment, as well as following exposure to a model disease environment.
Introduction

Macrophages are plastic leukocytes that perform a vast range of
immune- and homeostasis-related functions, with their func-
tion and behavior dictated by environmental stimuli. Macro-
phages can be characterized as being activated into two major
phenotypes, M1 and M2.1 M1 macrophages are associated with
inammation, including secretion of pro-inammatory cyto-
kines, engulfment of foreign entities, generation of reactive
oxygen and nitrogen species, and assistance in T-helper type1
(Th1) cell responses to ght infection. Conversely, M2 macro-
phages perform anti-inammatory and wound repair func-
tions.2,3 Disturbance of the mechanisms that govern the balance
of M1 and M2 states can result in a number of health problems,
including infections, cancer, pregnancy complications, and
inammatory and autoimmune diseases.4,5 Given the signi-
cance and complexity of the roles macrophages play in biology
and disease, knowledge of their activation and polarization
state can provide critical information regarding the disease
microenvironment, and be useful in selecting therapeutic
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approaches. For example, manipulation of tumor-associated
macrophages (TAMs) provides a potential means to combat
cancer. The tumor microenvironment releases factors that drive
macrophages toward an M2-like phenotype,6 resulting in
secretion of anti-inammatory cytokines, promotion of tumor
growth and invasion, and facilitation of metastases. Therapies
are being developed to “re-educate” these TAMs from this
immune-suppressing state to an antitumor M1 phenotype as
a more effective, less toxic cancer treatment.7,8 The development
of such entities would be facilitated by a means to evaluate
macrophage characteristics in a straightforward and high-
throughput manner.

Efforts to generate therapies based on macrophage pheno-
typic conversion (to stimulate immune activation or suppres-
sion) and evaluate macrophage immunes responses to other
agents in drug discovery and toxicology are challenging due to
the complexity of the polarization process. An increasing body
of research reveals that macrophage polarization is more intri-
cate than a two-state, M1/M2 conversion; rather, a spectrum of
states exists.9–11 M2 macrophages can be further subclassied
into M2a, M2b, M2c, among others, depending on the acti-
vating stimulus and resulting surface markers displayed.12 In
addition, themacrophage polarization/sub-polarization process
is dynamic and can evolve based on changes in the microenvi-
ronment.13–15 Complicating the matter further, macrophages
can have mixed or overlapping M1 and M2-associated indica-
tors. For instance, macrophages isolated from patients with
advanced gastric and pancreatic cancers show high levels of
both pro-inammatory and anti-inammatory cytokines. Both
sets expressed IL-10 (M2-associated), while the former also had
Chem. Sci., 2020, 11, 8231–8239 | 8231
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high levels of IL-12, and the latter IL-1b and TNF-a (M1 asso-
ciated).16,17 These factors make it challenging to identify
macrophage polarization states for diagnostic applications and
fundamentally, to understand or identify phenotypes that are
relevant to disease states.

Currently, the presence or levels of cellular and/or secreted
biomarkers is most commonly used to detect and characterize
macrophage polarization.12,18,19 While providing useful informa-
tion, this approach is reliant on the specicity of themarkers and
requires multiple assays to obtain sufficient information for
cellular evaluation. Additional limitations include: expression
overlap between different polarization states (as mentioned
above), poor phenotypic resolution of similar stimuli, non-
translatable markers between mice and humans,12 and the fact
that mRNA levels do not necessarily signal a robust difference in
protein expression/at the functional level.19 In addition, the
techniques used to identify the presence of biomarkers, such as
RT-PCR, western blot, and ow cytometry, are expensive and not
amenable to multiplexing or high-throughput applications.
Thus, there is a strong need for a general high-throughput
method that can be used to evaluate these cells and their char-
acteristics to facilitate therapeutic design and understand
phenotypic responses of macrophages to stimuli.

As an alternative to marker-specic approaches, chemical
nose or array-based sensing employs and discerns selective
interactions between analytes and sensor elements to generate
unique patterns for each analyte. The resulting pattern can be
further analyzed for quantitative classication. Once trained,
the sensor can rapidly identify analytes based on pattern
recognition. This approach has been successfully used in a wide
range of systems including mammalian cells,20–22 bacteria,23–25

and proteins in biouids.26–28 The strategy is ideal for cell phe-
notyping because changes in cellular responses yield variations
in surface composition (e.g., protein, lipids, glycans, etc.) that
result in different ngerprints, providing high-content infor-
mation for each cellular state.29–31 Because macrophage polari-
zation is accompanied by changes in cellular metabolism and
surface protein expression,1,12,32 we hypothesized that an array-
based sensing strategy would provide a general platform for
discriminating macrophage phenotypic and sub-phenotypic
states. Incorporation of this strategy into a multi-channel
format would enable multidimensional, high-content output
from a single microwell, rendering this method readily appli-
cable to high-throughput screening.33

In this paper, we describe the development and application
of a polymer–protein supramolecular assembly as a sensor array
to gather high-throughput, high-content information on
macrophage polarization state. The sensor is composed of only
two elements: a guanidine-functionalized cationic poly(-
oxanorborneneimide) (PONI) polymer, and an anionic green
uorescent protein (GFP). The two entities form a complex
through electrostatic interactions, resulting in a Förster reso-
nance energy transfer (FRET) pair. When this sensor is applied
to macrophages in different polarization/sub-polarization
states, it yields uorescent signals in ve channels. The multi-
dimensional output is then quantitatively analyzed using linear
discriminant analysis (LDA) to reproducibly classify different
8232 | Chem. Sci., 2020, 11, 8231–8239
macrophage activation states (Fig. 1). To the best of our
knowledge, this combination of sensor elements resulting in
a 5-channel output has not been reported previously. We vali-
dated the sensor with model macrophage RAW 264.7 cells and
primary bone marrow-derived macrophages (BMDMs) stimu-
lated with known M1 and M2 polarizing cytokines. The
successful discrimination of M1 and M2 macrophages among
the ve subtypes demonstrates the ability of the sensor to
accurately differentiate subtle phenotypic changes. We further
evaluated the efficacy of the sensor system in a model disease
environment, where macrophages were cultured in cancer cell-
conditioned media, generating distinct patterns for macro-
phages exposed to different cancer types. Taken together, the
sensor platform can classify macrophage phenotypes in
a matter of minutes. Furthermore, this platform can read out
the effects of subtle environmental changes on macrophages,
providing a new tool for diagnostics and for fundamental
studies of macrophage behavior. The information generated
can provide valuable insights on macrophages in diseases,
potentially improving efficiency of existing therapies and facil-
itating the development of new treatments.

Results
Supramolecular assembly of sensor

The sensor is designed to provide an information-rich, ve-
channel output with only two sensor elements. The rst
element of the sensor is a cationic poly(oxanorbornene) (PONI)
random copolymer scaffold that incorporates a guanidine
group and a pyrene dye molecule (C3-Gu-Py). The positively
charged guanidine group ensures that selective interactions
occur only when the complex is close to negatively charged cell
surface functionalities. The solvatochromic pyrene molecule
will alter its spectral properties when local environmental
factors, such as polarity and hydrophobicity, change.34 In this
way, both selectivity and sensitivity of the sensor are ensured.
Through electrostatic interactions, cationic C3-Gu-Py forms
a polymeric complex with an anionic GFP. In practice, the pyr-
ene unit provides three signals, two corresponding to the free
pyrene and one to the excimer form. The GFP then adds two
channels: free GFP uorescence and FRET with the excimer
pyrene channel (Fig. 1b).

Initial studies focused on the optical characterization of the
C3-Gu-Py/GFP supramolecular assembly. Polymer C3-Gu-Py was
titrated with increasing concentrations of GFP. Aer 30 min of
incubation, a simultaneous decrease in pyrene emission at
470 nm and increase of GFP emission at 510 nm was observed
upon irradiation with 344 nm light (Fig. S1 and S2a†). Efficient
uorescence quenching of C3-Gu-Py was observed at higher
concentrations of assembly (Fig. S2b†). The association
constant Ka of 7.17 � 105 M�1 was derived by tting the uo-
rescent titration curve.

The overall spectrum featured ve distinguished output
peaks that can be recorded from the sensor: pyrene monomers
at 344/390 and 344/420, pyrene excimer at 344/470, GFP at 475/
510, and FRET signal at 344/510. Based on the spectral exi-
bility, a concentration of 0.5 mM C3-Gu-Py and 50 nM GFP was
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Schematic illustration of phenotyping macrophage activation states using array-based sensor. (a) FRET-based sensor assembly was
formed between PONI–C3-guanidine-pyrene and GFP. Selective interactions of sensor elements at cell surface membrane resulted in fluo-
rescence changes in all five channels, generating a distinct fingerprint for each cell activation state. (b) Chemical structure of PONI–C3-
guanidine-pyrene and the resulting five fluorescence channels in the FRET complex.
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selected for the following experiments. Dynamic light scattering
data revealed the polymer assembly was �230 nm in diameter
and the size slightly increased to�237 nm when GFP was added
(Fig. S3†). Transmission electron microscopy images conrmed
these results (Fig. S4†), indicating that a supramolecular
assembly was formed between C3-Gu-Py and GFP.
Discrimination of M1 and M2 subtypes using RAW 264.7 cells

We rst tested the ability of the sensor system to distinguish
among macrophage phenotypes using the RAW 264.7
Table 1 Mechanisms and effects of in vitro macrophage polarization of

Polarization stimulus Mechanism

Lipopolysaccharide (LPS) Binds TLR 4, induces secretion of
pro-inammatory cytokines38

Interferon-g (IFN-g) Binds IFN-g receptor40

Combo (LPS + IFN-g) Synergizes LPS and IFN-g
Interleukin 4 (IL-4) Binds IL-4Ra and IL-2R, down-

regulates proinammatory
mediators1,32

Interleukin 10 (IL-10) Deactivates macrophages by
inhibiting production of pro-
inammatory cytokines1

This journal is © The Royal Society of Chemistry 2020
macrophage cell line. Established cytokines were used to
stimulate the cells, with each activating macrophage through
a different mechanism (Table 1), generating a distinct pheno-
typic state. RT-PCR results assessing standard M1 and M2
markers conrmed that cells were polarized into corresponding
states aer 48 h activation (Fig. 2). LPS and IFN-g treated cells
(M1 stimulation) showed signicant increases in TNF-a and
iNOS mRNA expression whereas the IL-4 (M2a stimulation)
group had an increase in EGR2 and mannose receptor (MR)
expression. Similar TNF-a levels observed between the
macrophages via different cytokines

Surface marker change Resulting phenotype

Increased expression levels of MHC-
II, CD80, CD86; decreased levels of
MRC1 or Fc-g RII39

M1

Decreased expression of CD14 and
CCR5;41 regulation of MHC-II, b2
integrins, chemokine CCL22/
MDC42

M2a

Down-regulation of MHC II and co-
stimulatory molecules1

M2c

Chem. Sci., 2020, 11, 8231–8239 | 8233
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Fig. 2 Macrophage activation confirmed by RT-PCR. (a) mRNA quantification of M1-associated genes, TNF-a and iNOS. (b) mRNA quantification
of M2-associated genes, EGR2 and MR, according to treatment group. Control¼ non-treated cells, combo¼ LPS + IFN-g treated. Fold changes
inmRNA level were normalized to b-actin. Statistical significancewas determined by two-tailed student t-test. *¼ p < 0.1, **¼ p < 0.05, ***¼ p <
0.005, n ¼ 3 biological replicates. n.s. ¼ not significant.
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combination treatment and the control group could be
explained by the prolonged 48 h activation time, negative
regulators such as NFkB and nuclear factor activated T cells,35,36

greater production of nitric oxide, and the fast intracellular
turnover rate of TNF-a.37 Although the IL-10 group (M2c stim-
ulation) was tested against multiple M2 markers, including
EGR2, MR, and TGF-b, as well as the reduction of M1 marker
iNOS, no signicant changes in the levels of expression of any
associated genes were observed (Fig. S7†).

Having conrmed that polarization had occurred, cells from
each treatment group were plated on a 96-well microplate for
overnight attachment. Equivalent cell numbers (10 000 per
sample) were used to ensure that changes in sensor response
were due to alterations in cell surface functionalities, not
density. For the sensing process, C3-Gu-Py and GFP were pre-
mixed for 30 min to allow formation of stable FRET complexes.
Subsequently, cells were washed once with phosphate buffered
Fig. 3 Discrimination of RAW 264.7 macrophages activated by M1 or M2
each treatment group were obtained at 30 min and normalized against
were analyzed through linear discriminant analysis (LDA) and the first two
Correct classification percentage and unknown identification of M1 and

8234 | Chem. Sci., 2020, 11, 8231–8239
saline (PBS) and incubated with the sensor complex in the dark.
Fluorescence signals were recorded every 15 min until equilib-
rium was reached. The 5-channel readout generated a distinct
uorescence pattern for each treatment group (Fig. 3a). We
further utilized linear discriminate analysis (LDA) to test
whether the ve cell phenotypes could be robustly discriminated
based upon their uorescent signatures. As shown in Fig. 3b, the
LDA plot revealed ve distinct clusters for M1 and M2 subtypes
with a correct classication of 100% (Tables S1 and S2†),
demonstrating that each activation pathway resulted in
a distinct cellular response. We further validated the reliability
of the sensor by performing unknown sample identication and
comparing the results against the training set. Among the 45
tested unknowns, 41 samples were predicted correctly into their
corresponding group, giving a high percentage of correct
unknown identication of 91% (Table S3†). The accuracy of
unknown identication could be further improved by increasing
subtype stimuli using sensor complexes. (a) Fluorescence intensities of
sensor only. n ¼ 8 biological replicates. (b) The fluorescence patterns
canonical scores were plot-ted with 95% confidence ellipse (n¼ 8). (c)
M2 sub-types using different combinations of sensor channels.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Discrimination of M1 and M2 subtypes of bonemarrow-derived
macrophages. (a) Fluorescence signals of the five sensor channels
were obtained and normalized to sensor only. n ¼ 8 biological repli-
cates. (b) LDA plot of the first two canonical scores was plotted with
95% confidence ellipse (n ¼ 8).
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the size and complexity of the training set if needed. Next, we
investigated the necessity of having 5 channels of information
from the sensor by comparing the performance of classication
and unknown identication using either an individual sensor
element or different combinations. The highest percentage of
accuracy was achieved when all 5 channels were used, demon-
strating the importance of multidimensional data in discrimi-
nating complex cell phenotypes (Fig. 3c).

Discrimination of M1 and M2 subtypes with primary
macrophages

Immortalized macrophage cell lines provide a useful tool for
assessing sensor response, however, these models differ in
multiple aspects from their primary cell analogs. We next tested
the sensor using physiologically relevant primary bone marrow-
derived macrophages (BMDM). Progenitor cells were isolated
from C57/B6 mice and induced to differentiate into macro-
phages using previously reported procedures.43 Once macro-
phage cells were obtained, we exposed them to M1 and M2
subtype polarization stimuli for 48 h as used above for RAW
264.7 cells. RT-PCR results conrmed appropriate activations in
each case, with increases in TNF-a and iNOS mRNA expression
for M1 related stimuli (LPS and/or IFN-g) and EGR2 and MR
mRNA levels for IL-4 stimulated M2 cells. Although IL-10
activation did not show substantial enhancement in EGR2
level, a nearly 6-fold increase in MR expression was observed
(Fig. S8 and S9†). Following macrophage polarization, similar
sensor procedure was performed. The uorescence patterns
observed were distinct from those of the RAW cells, consistent
with differences that exist between the two cell models.
Complete discrimination among the ve assessed groups of M1
and M2 phenotypes was achieved with 96% correct classica-
tion (Fig. 4, Tables S4 and S5†). 92% of correct unknown iden-
tication conrmed the high reliability of our sensor (Table
S6†).

When the sensor complex interacts with cells, in most cases,
all monitored uorescence channels showed an increase in
signal intensity. This suggests that upon interacting with
macrophages, the sensor complex disaggregates, exposing its
individual components to interact with the cell surface.
Depending upon the local environment, the uorescence
intensities for individual molecules (pyrene, GFP, and FRET)
also change. Since distinct uorescence patterns were consis-
tently observed for each stimulus, we believe this disruption
process is modulated by cell surface functionalities and
composition. Our previous studies have indicated that the
sensor complex is highly sensitive to glycosylation patterns on
cell surfaces.30 However, more mechanistic studies are needed
in order to elucidate which other cell components are also
interacting with the sensor elements.

Discrimination of macrophages exposed to conditioned
media from different cancer cells

The above studies demonstrate that our sensor array was able to
discriminate macrophages polarized with specic cytokines.
However, biological microenvironments are oen far more
This journal is © The Royal Society of Chemistry 2020
complex and have multiple stimuli. Hence, we assessed whether
the sensor could discern macrophage phenotype in a model
disease environment to address this issue. First, conditioned
media was generated by culturing different types of cancer cells
(HeLa, cervical carcinoma, and MCF7, mammary carcinoma)
until �80% conuency was reached. Then, the culture media
was extracted and used to stimulate macrophages for 48 h. RT-
PCR results revealed different activation patterns for macro-
phages activated with media conditioned from different cell
lines (Fig. S10†). C3-Gu-Py and GFP complexes were added to
cells and the 5-channel uorescence readouts were collected.

Distinct uorescence signals were obtained for macrophages
subjected to each of the conditioned media types. An LDA plot
showed three well-separated clusters with 100% classication
accuracy (Fig. 5, Tables S7 and S8†). When macrophages were
exposed to cultured media conditioned by cervical cancer versus
breast cancer cells, the sensing readout was dramatically
different, indicating that a unique state of activation was
present following each type of stimulation. A high percentage
Chem. Sci., 2020, 11, 8231–8239 | 8235
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Fig. 5 Discrimination of macrophage cells cultured under exposure to
conditioned media from different cancer cell types for 48 h. The LDA
plot of the first two canonical scores was obtained and plotted with
95% confidence ellipses (n ¼ 8). CM is cancer cell conditioned
medium, with the cell line type preceding it, control represent
macrophages cultured using standard growth media.
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(96%) of correct unknown identication was also achieved
(Table S9†). These results are exciting because it demonstrates
that this method not only functions following single cytokine
stimulation, but also in more complex environments. This is
promising evidence that with careful evaluation, this sensing
method could be applied to prole macrophages from indi-
vidual patients, offering insights for precision medicine.

Discussion

Macrophage polarization is a complex and dynamic process.
With its roles in homeostasis and disease, it is important to be
able to discern macrophages characteristics in a rapid and
straight-forward manner. Compared with current methods of
characterizing macrophage polarization, the sensor reported in
this study has advantages of generating amultidimensional and
high-content chemical readout regarding the cell surface in
a high-throughput matter. Standard methods, such as RT-PCR
and ELISA, can only capture a limited number of well-
established markers for each cell activation state, and are
independent (not multiplexed) assays, requiring a separate
analysis for each. Considering the heterogeneity of macrophage
polarization and the overlapping nature of M1 and M2
markers,11,12 it is also difficult to elucidate and differentiate
activation states with standard methods. For instance, the
multiple IL-10 markers used in our RT-PCR studies did not
reveal signicant changes. The ambiguity of a less-well char-
acterized sub-phenotype could be because the end-point eval-
uation missed the dynamic changes on the macrophage marker
expression during the 48 h activation.

In contrast, the array-based sensor utilizes selective inter-
actions between sensor elements and the entire analyte surface
to generate high-content ngerprints for each activation state.
8236 | Chem. Sci., 2020, 11, 8231–8239
Once trained, the sensor can rapidly identify target analytes
through pattern recognition. Although the C3-Gu-Py moiety has
been utilized for bacterial sensing,44 its capability in mamma-
lian cell sensing has not been investigated. By coupling the
polymer with simple GFP through supramolecular interactions,
sensor can discern less-characterized sub-phenotypes, such as
IL-10 stimulated macrophages, which are challenging to iden-
tify using traditional methods like RT-PCR (Fig. 3 and 4). The 5-
channel, high-content information gathered from the sensor is
crucial in achieving a high level of classication accuracy and it
allows us to address challenging biological questions from
a chemical perspective. In addition, running assays like RT-PCR
and ELISA can be time-consuming and error prone, with rela-
tively high costs for thorough characterizations consisting of
multiple markers. In contrast, the sensor material used here is
synthetically easy to generate, and all components can be mixed
in one microplate well, which not only reduces sensor material
but is also compatible for high-throughput screening applica-
tions. What is more, accurate phenotyping can be obtained in
less than an hour, making this method simple, robust, and
rapid.

Due to the robust and facile nature of the system, there are
many potential applications for the array-based sensing strategy.
Altered immune states are a major factor in diseases including
cancer, atherosclerosis, and auto-immune disorders.45–47

Macrophage polarization states are key in driving forward
disease progression. Rapid assessment of their activation states
can provide valuable information in selecting appropriate ther-
apeutic strategies.48,49 Notably, the high-throughput nature of
the method would facilitate the rapid screening of immune
states for individual patients, enabling personalized medicinal
approaches in tackling these immune-driven diseases. Further-
more, this strategy could be applied to other plastic immune
cells, such as dendritic cells and T cells.50,51 By extending this
sensor to other cell types, the status of major components of the
immune system could be rapidly determined. This strategy can
also greatly improve the drug discovery process, by allowing for
rapid identication of altered cell states, and/or evaluation of
immunogenicity following agent treatment.52 Potential immune
adjuvants or anti-inammatory entities could be screened
together by using the sensor on immune cells in a multi-well
plate format. With these capabilities, the sensor system not
only has utility as a fundamental research tool, but as a high-
throughput, high-content means for therapeutic screening
against general plastic cell types.

Conclusions

In summary, we demonstrate the use of a simple and robust
chemical system that can quickly capture the overall responses
of activated macrophages in a high-throughput format, which is
challenging with biomolecular tools. Through the supramolec-
ular assembly of only two elements, a 5-channel output is ach-
ieved. The high level of information density enables us to
accurately prole a spectrum of activation state of macro-
phages. The ability to use chemical entities to answer biological
questions opens the doors for sensing and beyond.
This journal is © The Royal Society of Chemistry 2020
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Experimental
Materials

All reagents were purchased from Thermo-Fisher Scientic
except where otherwise noted. All DMSO utilized was cell
culture grade (Sigma). RT-PCR data was generated using a CFX
Connect Real-Time PCR Detection System (Biorad, Hercules,
CA). For assays requiring absorbance and uorescence
measurements, a SpectraMax M2 plate reader was used
(Molecular Devices, San Jose, CA).

PONI–C3-guanidine polymer synthesis

Monomers and polymers were synthesized according to
previous reports.53 Detailed synthetic scheme can be found in
the ESI.†

Green uorescent protein expression

GFP was constructed and characterized according to reported
protocols.54 In short, Escherichia coli strain BL21 was trans-
formed with plasmids containing GFP recombinant protein.
Aer transformation and induction with IPTG, cells were lysed
and puried by Co2+ nitrilotriacetate columns. Fluorescent
proteins were further characterized by SDS-PAGE gel, scanning
absorbance and emission spectrum. The results are consistent
with previously reported work.30

Transmission electron microscopy (TEM)

TEM samples were prepared by either 0.5 mM of C3-Gu-Py only
or mixing 0.5 mM of C3-Gu-Py with 50 nM of GFP in 10 mM
HEPES buffer for 30 min in dark at room temperature. 5 mL of
the solutions were then placed on 300 mesh copper grids (with
formvar lms) obtained from Electron Microscopy Sciences
(EMS FF300-Cu) and allowed to dry overnight. The samples were
analyzed using a TEM JOEL 2000FX at an acceleration voltage of
200 kV.

Fluorescent titration

0.5 mM C3-Gu-Py polymer was titrated with GFP at a concentra-
tion range from 0 to 200 mM in a black 96 well-microplate. The
solution was mixed in 10 mM HEPEs buffer. Aer 30 min
incubation at room temperature in dark, the uorescence
spectrum was measured at an excitation wavelength of 344 nm.

Binding affinity calculation

Fluorescence titration was utilized to calculate the binding
affinity of the C3-Gu-Py polymer with GFP. The uorescence
decay of the C3-Gu-Py excimer as a function of GFP concentra-
tion was tted to a one-site binding equation,55 which is:

I ¼ I0

�
Ilim � I0

2C0

�
�
2
4�C0 þ C þ 1

K

�

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
C0 þ C þ 1

K

�2

� 4CC0

s 3
5

This journal is © The Royal Society of Chemistry 2020
where I is the uorescence intensity of C3-Gu-Py excimer at
a given concentration of GFP, I0 is the uorescence intensity of
C3-Gu-Py in the absence of GFP, Ilim is the uorescence intensity
when the quenching reaches a plateau, C0 refers to the
concentration of C3-Gu-Py, and C is the concentration of GFP.
Based on the equation, microscopic binding constant Ka was
determined by using the non-linear least-squares curve tting
analysis in OriginPro (OriginLab Co., Northampton, USA).

Linear discriminant analysis (LDA)

LDA was applied on normalized uorescence data to statisti-
cally classify each group, using SYSTAT soware (version 11.0,
SystatSoware, Richmond, CA, U.S.A.). All variables were used
in the complete mode and the tolerance was set as 0.001. Input
data was transformed to canonical scores to best separate each
group where the between-class variance was maximized while
the within-class variance was minimized. Aer transformation,
LDA reduces the dimensionality of the. The 2D plot pictorially
shows where each data point lies in the new dimensional space.
Therefore, the positive and negative values on the axis do not
have any physiologically meaning.

Unknown identication

The identity of unknown samples was predicted by computing
the Mahalanobis distance of the unknown data to the training
groups using LDA.56 First, the normalized uorescence
responses of the unknown samples were converted to canonical
scores in LDA, using the discriminant functions established
from the reference set. Next, Mahalanobis distance of that case
to the centroid of each training cluster in the LDA space was
computed.56,57 The unknown sample was predicted to belong to
the closest group, dened by the shortest Mahalanobis
distance.

Cell culture

RAW 264.7 cells, HeLa and MCF7 cell lines were purchased
from American Type Culture Collection (ATCC, Manassas, VA).
Primary bone marrow derived macrophages (BMDMs) were
isolated from freshly euthanized C57/B6 mice, donated gener-
ously by Dr Jessie Mager, Department of Veterinary and Animal
Science, University of Massachusetts Amherst. The BMDMs
were isolated, differentiated and cultured according to previ-
ously reported methods.43 All cells were cultured at 37 �C under
a humidied atmosphere containing 5% CO2 using standard
growth media consisted of high glucose Dulbecco's Modied
Eagle Medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and 1% antibiotics (100 mg mL�1 penicillin and 100
mg mL�1 streptomycin). Under the above culture conditions, the
cells were sub-cultured approximately once every two to ve
days.

Macrophage polarization via activation agents

Both RAW 264.7 cells and BMDMs were treated with the
following polarization stimuli for 48 h to induce the desired
polarization state. LPS group: 50 ng mL�1, IFN-g group: 50 ng
Chem. Sci., 2020, 11, 8231–8239 | 8237
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mL�1, combo group: 50 ng mL�1 LPS and IFN-g, IL-4 group: 30
ng mL�1, and IL-10 group: 30 ng mL�1. Aer 2 day polarization,
cells were washed with PBS, trypsinized, and plated as 10 000
cells per well on a 96-well plate overnight before proceeding to
sensing studies.

Macrophage polarization via cancer cell conditioned media

HeLa and MCF7 cell lines were cultured under DMEM medium
supplemented with 10% FBS and 1% antibiotics for 2 days to
reach above 80% conuency. The supernatant from each cell
line was then collected and centrifuged for 5 minutes. Subse-
quently, 5 mL of the supernatant was transferred into a T25
culture ask containing RAW cells. Aer 48 h of culture, RAW
264.7 cells were washed with PBS, trypsinized and plated as
10 000 cells per well on a 96-well plate for overnight attachment.

Sensing studies

The sensor was prepared by mixing 0.5 mM of C3-Gu-Py with
50 nM of GFP in 10 mM HEPES buffer for 30 minutes in dark at
room temperature. Subsequently, 150 mL of sensor solution was
incubated with and without the cell populations (washed once
with PBS) in 96-well microplates. The change in uorescence
intensity for each channel was recorded every 15 minutes at its
respective wavelength (pyrene monomer: 344/390 nm and 344/
420 nm, pyrene excimer: 344/470 nm, GFP: 475/510 nm, FRET:
344/510 nm) on a Molecular Devices SpectraMax M2 microplate
reader using appropriate lters.

RT-PCR preparation

Cells were plated in 24-well plates at a density of 50 000 cells/
well. Cells were treated with the appropriate polarization stim-
ulus for 48 h. Following treatments, RNA was extracted
following the procedure below.

RNA extraction and cDNA conversion

Approximately 1.5 mg RNA was harvested using the PureLink
RNA Mini Kit (Ambion) following the manufacturer's instruc-
tions. SuperScript IV Reverse Transcriptase was used for the
conversion of approximately 150 ng of RNA to cDNA, along with
RNaseOut, 10 mM dNTPs, and 50 mM Random Hexamers
(ThermoFisher, Pittsburgh, PA), also following the manufac-
turer's instructions.

RT-PCR preparation

Cells were plated in 24-well plates at a density of 50 000 cells per
well. Cells were treated with the appropriate polarization stim-
ulus for 48 h. Following treatments, RNA was extracted
following the procedure below.

Quantitative RT-PCR

RT-PCR was performed on cDNA as prepared above using a CFX
connect real-time system with iTaq Universal SYBR Green
Supermix (Biorad, Hercules, CA). All DNA primers were
purchased from Integrated DNA Technologies (Caralville, Iowa).
The following primer sequences were used:
8238 | Chem. Sci., 2020, 11, 8231–8239
b-Actin (forward) GATCAGCAAGCAGGAGTACGA,
b-Actin (reverse) AAAACGCAGCGCAGTAACAGT;
iNOS (forward) GTTCTCAGCCCAACAATACAAGA,
iNOS (reverse) GTGGACGGGTCGATGTCAC;
TNF-a (forward) CCTGTAGCCCACGTCGTAG,
TNF-a (reverse) GGGAGTCAAGGTACAACCC;
EGR2 (forward) TGAGAGAGCAGCGATTGATT,
EGR2 (reverse) ATAACAGTCAGTGTGTCCCC;
Mannose receptor (forward) GGATGTTGATGGCTACTGGA,
Mannose receptor (reverse) AGTAGCAGGGATTTCGTCTG;
TGF-b (forward) GCGGACTACTATGCTAAAGA,
TGF-b (reverse) TTCTCATAGATGGCGTTGTT.
Analyses were performed as follows: the samples were rst

activated at 50 �C for 2 min, then 95 �C for 2 min. Then dena-
turing occurred at 95 �C for 30 s followed by annealing at 57 �C;
the denature/anneal process was repeated over 40 cycles. Rela-
tive gene expression was determined by comparing the Ct value
of the gene of interest to that of the b-actin housekeeping gene,
by the 2DDCt method.58 Three biological replicates were per-
formed for each control group and three technical replicates
were used for each biological replicate.
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