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CONSPECTUS Electronic transistors have revolutionized ¢hds of micro-
electronics, computers, and mobile devices. Their ability to digitize electroni

csi S p H &
allows high delity data transfer as well as formation of logic gates. Inspi
electronic transistors, transistor-like organic materials have been under
investigation to amplify biological signals in a broad range of applications
biosensing, diagnostic imaging, and therapeutic delivery.

This Account highlights the inception and implementatiofpaodtan transistdr

nanoparticle that can digitize acidotic pH signals in biological systems. Similar to

electronic transistors, the ultra-pH-sensitive (UPS) nanoparticles derive their binary threshold response from phase separatiot
phenomena. Hydrophobic micellization drives nanophase separation from unimers to aggregated polymeric micelles, which i
responsible for the all-or-nothing proton distribution between the micelle and unimer states. Depending on the assembly status,
conjugateduorophores are quenched (micelle state) or fre@lgsce (solution unimer state) allowing robust detection of

the phase transition behavior across a narrow pH range.

Based on this mechanistic insight, we created a UPS nanopatrticle library encompassing a broad physiological pH range from 4
to 7.4. For biological applications, we engineered a barcode-like nanosensor capable of digitizing multiple pH signals at a singl
organelle resolution in live cells. The barcode system allowed easgtiiolemti mutant Kirsten rat sarcoma viral oncogene

(KRAS), a common mutation involved in tumorigenesis, which leads to rapid cellular proliferation, as the protein driver for
accelerated organelle acidiion and lysosome catabolism in a broad set of isogenic as well as heterogeneous cancer cell lines.
Adoption of the technology to an OBFF/Always-ON design allowed the quaation of protonux across the membranes

of endocytic organelles. For medical applications, we demonstrate the ability to achieve binary detection of solid cancers witt
clear tumor margin delineation by near-infrareescence imaging. Image-guided resection of head/neck and breast tumors
resulted in signtantly improved long-term survival over white light or tumor debulking surgeries in tumor-bearing mice,
catapulting the clinical evaluation of the UPS nanosensor in cancer patients.

This Account serves as thgt comprehensive summary of the molecular mechanism and biological applications of the digital

pH threshold sensors. Building on the concept of cooperative phase transition behavior, we hope this Account will promote the
rational design and development of additional transistor-like chemical sensors to digitize analog biological signals.

INTRODUCTION to digitize these processes for the design of simple'tiocuits

The electronic transistorst invented by Bardeen, Brattain, for use in therapeutic applicatibtis. the nanoparticle realm,
and Shockley in 1947 at Bell Laboratories, is recognized as ogeent development in stimuli-responsive materials has gained
of the greatest inventions in the 20th century and hamterest, leading to the production of liposomes that are

revolutionized the electronic, computer and mobile deviGgsponsive to hédtor light’ as a payload release
industries? An electronic transistor is a semiconductor devic

: : o : fechanisr? Recently, our lab has invented a series of
that can amplify or switch electronic signals, converting fron]u . GQ1ae .
analog inputs to digital outputs (0 of Signal digitization is Ulra-pH-sensitive (UPS) nanoparticles to amplify and
able to maintain the higtdelity of original signals without digitize acidotic signals that are ubiquitous in biolGGyA
signal distortion or noise introduction that are frequentlysmall perturbation of pH input signal (<0.3 pH) at a
encountered in the processing of analog sigriRézently,  predetermined pH value was able to create a large increase
polymeric semiconductor nanomaterials such as organic thin ,orescence output signal (>30-fold). In this Account, we

_Ims .have z_ilso bee_n d_eveloﬁpédBeyond appllcatlor]s discuss the molecular mechanism and implementation of these
including active matrix display and radio frequency identi-

cation tag&2° organic transistor-type nanomaterials have alsgi! threshold nanoparticles to digitize acidotic signals in
emerged as biological or chemical seft$dnsjth special ~ biology and medicine.

functionalization allowing stronger responses compared io

conventional electrochemical seriSoBevelopments in  Received: February 15, 2019
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Figure 1.UPS nanopatrticles exhibit similar signal switching behavior as an electronic transistor. (A) Schematic illustration and transmissio
electron microscopy image of the ON and OFF state of a representative pH nanosensor. The P/N junction of an electronic transistor (B) and UP
nanoparticles (C) derive their signal switching ability from phase separation phenomenon. Threshg)dandltplge(ifH) exist as gating
indicators for electronic transistor and UPS nanopatrticles, respectively. Binagpaméo signals (e.g., electric currentuorescence
intensity) can be achieved above or below the threshold values in each system. Reprinted with permi&SidDadjpgnighef2016 Nature
Publishing Group.

pH THRESHOLD RESPONSE ARISES FROM PHASifoduce a binary om signal responseriure 2). In
SEPARATION contrast, the signal intensity generated by Lysosensor Green
grg’ldually increases as the pH drops. All the small molecular pH
sehsors we tested produce an analog signal response similar to
Lysosensor Green. Similar to small molecular pH probes, the
g% fip peptides and other nanoparticle-based pH sensors all
display a broad pH response unlike the UPS nanopatrticles.

UPS nanoparticles can amplify acidotic signals across
threshold pH (pH. The transition between solution unimer
phase and nanoscopic micelle phase results in large chan
uorescence sighsind protonation status of the polymers.
In high pH environments (pH > pHthe uorescent signals
are abolished due to dye sequestration and quenching in the
micelle core, representing the staté. In the micellar state, MOLECULAR COOPERATIVITY OF pH-INDUCED
the polymers are neutral in charge. At pH < thiE unimers PHASE TRANSITION
emit a uorescent signal upon micelle disassembly, exhibitinge investigated the molecular pathway in the protonation/
the “on stat& In the unimer state, a majority of the tertiary deprotonation process of the UPS nanoparfictes¢ 2.2’
amine residues are protonated, giving each polymer chaim\ aat pH plateau was detected during titration of the polymers,
highly positive chargerigure A). The ability of UPS indicating strong ber capacity. Dialysis afd nuclear
nanoparticles to digitize acidotic signals is analogous to thateégnetic resonance (NMR) spectroscopy analysis during
electronic transistors to shift electrical signals acrosstigation indicate that the polymers exhibit an all-or-nothing
threshold voltagd-jgure B). protonation behavior. Essentially, each micelle consists of
The phase-modulated nanosensor displays a drasticalyltiple polymer chains and each polymer chain contains
di erent response to environmental pH compared to othemultiple tertiary amines, which can exhibit a protonated
types of pH sensors such as small molecular pH sensor (eggositively charged) or deprotonated (neutral) state depending
Lysosensor Greefijgure B,C), peptide-based pH sensor on the environmental pH. Along the majority of the titration
(e.g., pHLIPY), and other nanoparticle-based pH sensoroordinate, polymer chains are either highly protonated as
(PEI, polylysine, and liposomé)The UPS nanoparticles unimers (all) or electrostatically neutral (nothing) inside
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Figure 2.UPS nanosensor (A) and a small molecular pH sensor (B) displegtdiignal response to the change of environmental pH. (C) A
binary on/o response is observed with a representative UPS nanoprobe, whereas a gradual response is noted with Lysosensor Green. Repri
with permission from re2§ and 28 Copyright 2016 Nature Publishing Group.

micelles, with no partially protonated intermediate states inla contrast, the chemical shift of proton a in B{pOky(N,N-

single polymer chain. This all-or-nothing phenomenon idimethylacrylamide) (PDMA) changed linearly while the
related to thermodynamics and critical micelle protonatiomtegration of this peak remained constant along the titration
degree (CMPD). Before self-assembly of the polymers intwordinate, suggesting a homogeneous deprotonation process
micelles can occur, the protonation degree of tertiary aminekthe adjacent nitrogen. Of note, RERDPA forms stable
must fall below the CMPD, which is typically around 90%nicelles after deprotonation, whereas FPEDMA remains
protonation for the poly(2-(diisopropylamino)ethyl methacryin the unimer phase regardless of the environmental pH.

late (PDPA) copolymer. Below CMPD, the hydrophobicity of Experimental data demonstrate that cooperative deprotona-
the neutral tertiary amines drives phase separation and sbffn is driven by hydrophobic phase separation during micelle
assembly of polymers into a charge-free micellar structuf@rmation. Using an adopted allosteric model, Li“ét al.
Consequentially, this hydrophuity-driven self-assembly generated the Hill plot of both cooperative and noncooperative
lends an energetically favorable all-or-nothing protonaticiyStems. Quantitative analysis revealed that the FIERA
behavior to the polymer. Change in protonation degree of tfxhibits strong positive cooperativity with a large Hill
overall system acts the molar distribution of the polymers €0€ cient @i = 51). In contrast, materials that do not exhibit
between the two states. In contrast, most conventional pRase transition behavior (e.g., DPA monomerbfFEXMA,
responsive materials including small molecules suchCis NHaNd PEI) have a Hill coeient equal to or less thanFigure

or chloroquine and macromolecules like polyethylenimin@)'

(PEI) or poly(-lysine) (PLL) exhibit neither pH plateau nor
all-or-nothing protonation behavior during titration. Rather CREATION OF UPS NANOPARTICLE LIBRARY

than complete protonation of a subpopulation of the materiathe transition pH of the UPS nanoparticles can be precisely
protonation occurs gradually among the conventional plontrolled by modulating the hydrophobicity of the PR
responsive polymers, where the average protonation degregeigment of the polymer. Li et al. investigated the correlation
equ_lvalent to the ratio of proton concentration over the initiahetween the hydrophobicity of the PR chains and the apparent
tertiary amine concentration. pK, or pH, of the polymer in a physiological mimic
Proton NMR spectra of the alkyl protons adjacent to thenvironment with 150 mM Na&l.The logP value P is
nitrogen atom (e.g, a iRigure &) in deuterated water the partition coecient of a solute between octanol and water,
provide direct evidence of the divergent protonation state in indicator of hydrophobicity) of the monomer signily
the UPS unimer populatioRigure B). During titration, the  a ects the pHof the polymer: larger I&®predicts lower pH
chemical shift of proton a in poly(ethylene oxide) (REO)- of the nanosensor. Based on this insight, a random
PDPA remained constant while the integration of theopolymerized PR block was introduced by varying the
corresponding peak decreased linearly, indicating that thelar ratio of the two monomers twe-tune the pHof the
protons distributed nonuniformly in an all or nothing behaviotUPS nanoparticles to an operator-predetermined-value.
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Figure 3.Cooperative deprotonation of tertiary ammonium groups driven by micelle assembly is essential for pH digitizatid*DA) PEO-
which does not form micelles, exhibits a gradual protonation state (top parteRDPERCexhibits a cooperative all-or-nothing protonation
state, driven by micelle phase transition (bottom panel). (B) Proton NMR spegt® ¢ihelkyl protons (proton a in panel C) indicate gradual
protonation of PE®-PDMA by linearly changing chemical shift with constant peak integration. In contlaBDPE@isplays constant
chemical shift with linearly decreasing peak integration, suggesting all-or-nothing protonation statdsP[IPAP#€plays strong
cooperativity with a Hill coeient of 51. DPA monomer, PEI, and RERDMA do not exhibit cooperative behavior. Reprinted with permission
from ref27. Copyright 2016 Nature Publishing Group.
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Figure 4.UPS nanopatrticle library exhibits diverse pH aarkscence tunability. (A) Schematic design of the oofrescence signal

activation as a result of pH-induced nanophase transition. (B) TdfehgHnanosensor is controlled by varying the hydrophobicity of the PR

region (ionizable tertiary amine block) of the polymer using a random copolymerization strategy. Higher hydrophobicity renders a lower transitio
pH. (C) A library of‘proton transistdrsensors encode the broad pH range 8f4and emission from 400 to 820 nm. This library allows the
digitization of pH in 0.3 increments. Reprinted with permission frdin @afpyright 2014 American Chemical Society.
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Figure 5. A digital barcode sensor for organelle pH measurement. (A) Schematic of barcode activatioaremrqsd thiresholds
corresponding to dérent stages of organelle maturation. (B) The barcode sensor is capable of measuring endosomal pH at the single organel
level. (C, D) Cancer cells with KRAS mutation exhibit increased acidosis rates compared to KRAS wild type cells. Reprinted with permission frc
ref41 Copyright 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

For uorescent sensor design, blackhole quenchers wenecode an entire range of physiological pH {49 through
incorporated in the system to allow for a wide selection afn emission spectrum from 400 to 820 Rimu¢e %.°* The
uorophores with high on/cactivation ratios across a small pH gap between on and state of each individual probe is
change in pH. The resulting nanosensor library is able tess than 0.3. This multichromatic UPS collectiers a
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Figure 6.UPS nanoparticle-enabled high throughput screening of small molecular compounds that promote autophagolysosomal activity. (A
Conventional screening method (top) relies on GFP-LC3 degradation to determine autoginagioted by various agents. pHebing of
autolysosomes by UPS platform extends the GFP imaging window for compound screening with reduced noise (bottom). (B) Screening of 18 O
compounds yielded a diverse pool of hit molecules. (C) Kislgli@n curves df. elegarisdicate that a TFEB agonist, ikarugamycin (IKA),

improves survival compared to the control group treated with dimethyl sulfoxide (DMSQO). Reprinted with permis$ibapynigbt 2016

Nature Publishing Group.

binary barcode library to digitize environmental pH based oactivation of the 6.9 signal (encoded & @). Upon an
the on/o status of multipleuorescent emissions at spgeci  environment pH lower than 6.3, both the 6.9 and 6.3 signals

pH thresholds. are illuminated (11 0). After the organelle is acet
beyond a pH of 5.4, all of theiorophores are activated,
DIGITIZATION OF LUMINAL pH OF ACIDIC presenting the code asll 1. By monitoring the activation
ORGANELLES status of eachuorescent channel over time, this probe

o digitizes the acidotic pH during organelle maturation. Using a
Endosomes, lysosomes, and autolysosomes are acidic orggies of isogenic cell lines with progressive mutations of P53,

elles inside. cells. The pH grf';\dient during organglle matufati%‘rsten rat sarcoma viral oncogene (KRAS) and LKB1 genes,
plays an important role in_receptor recycling, nutrienihe parcode sensor idesti that the KRAS mutation was
transport, and protein degradaf_ﬁ)ﬁ. Organelle acidtation  responsible for the accelerated organelle maturation and
is also Important for cell and immune signaling and antig&Psosome acidiation, which is consistent with its role on
processing. *° During the maturation process from early jncreased macropinocytosis of albumin as a nutrient source for
endosome to late endosome and to lysosome, the pH in thgcer cell growth and survivallsing a modid on o /
organelle lumen gradually decreases from 7.4 to 4.0. In tgﬁ,\,ays on nanosensor design, we further measured the
eld of drug or gene delivery, the acidic lysosome is considetgdyi cation rate at 140190 protons per second per organelle

a major delivery barrier, reséponsi_ble_for degradation of the Hel a cells, demonstrating the experimental feasibility to
protein or nucleic acid druj$’ Elucidation of the organelle uantify proton ux across endosomal membréhes.
acidi cation process is of great importance in the study of cec?l

physiology and design of drug delivery systems.
We produced a representative hybrid barcode nanosensor to BUFFERING ORGANELLE pH FOR HIGH

digitize luminal pH of endocytic organelles at single organelle THROUGHPUT SCREENING

resolution Eigure %.** The nanosensor is composed of threeHigh concentrations of UPS nanoparticles (>¢00L) can

di erent polymer structures. The,pkilues of the three bu er luminal pH at derent stages of organelle maturation.

individual polymers are 6.9, 6.3, and 5.4, which encode fbo investigate the biological consequences, HelLa cells were

clathrin coated vesicles (CCVs), early endosomes, and lateated with dierent concentrations of UPS nanoparticles and

endosomes/lysosomes, respectively. Each polymer was dbme-subsequent perturbations of cell signaling pathways were

jugated with a uniqueuorophore. At neutral pH, all three analyzed. Data iderdgd a luminal pH threshold-dependent
uorescent dyes are quenched by either a homo-FRET mrgulation of mTORC1 activityUPS nanoparticles with a

hetero-FRET mechanism, exhibiting a binary codé®a®.0  bu ering capacity above pH 5.0 were able to inhibit amino

When the organelle pH falls below 6.9, the 6.pg¥mer is acid-dependent mTORCL1 activation. In contrast, UPS nano-

released from the micelles, resulting in th@rescence particles with pH transition below 5.0 did not inhibit

1490 DOI:10.1021/acs.accounts.9b00080
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Figure 7.pH-activatable ICG-encoded nanosensor (PINS) illustrates binary tumor detection over surrounding muscle tissues. (A) The PINS
probe can accurately depict the tumor margin asdviyi H&E histology (dashed line). (B) The PINS prokeesaconspicuous tumor detection

over conventional FDG-PET imaging without false signals in tissues with high physiologic uptake of glucose. (C) Novadaqg SPY Elite camera v
used to image activated PINS signal in tumor-bearing mice. (D) Image-guided surgery using&iNysisigroves survival outcomes in mice
compared to debulking or white light surgery. Reprinted with permission Z&r@apfright 2016 Nature Publishing Group.

MTORCL1; however, they were able to delay the lysosomalA UPS-enabled compound screen idehthultiple drug or

degradation of albumin proteins. _drug-like molecules including digoxin, ikarugamycin (IKA),
Bu ering organelle pH was employed to perform high

throughput screening of small molecular compounds thand alexidine dihydrochloride that served as agonists for
accelerate autophagy and lysosome catabolism, which mindiesiscription factor EB (BB), a master regulator of

starvation Figure §.** GFP-LC3 fusion proteins are autophagy and lysosome biogefigsEhe prospective
commonly used as live cell markers for monitoring autophagic

ux. GFP-LC3 forms punctateiorescent pattern upon compounds can robustly activate the TFEB pathway through
induction of autophagosomes, which are subsequentlyree distinctive Gasources and €adependent mecha-
degraded in the autolysosomes. The innate autophRgiC nisms. |n a diet-induced fatty liver disease mouse model, we
makes it impossible to use GFP signals for high throughput ) _ o
applications. Upon treatment with UPS nanoparticles with fQund that these compoundseetively normalized lipid

pH transition at 4.4, the autolysosomal pH wasréd to metabolism and overcame insulin-resistance. A survival study
inhibit the degradation of GFP-LC3. This resulted in & 6-0I¢,ther conrmed that chemical activation of TFEB by
increase of GFP signal during live cell imaging, which enabled ) L .

the phenotypic screen for small molecular compounds that ci@rugamycin sigrantly prolonged the life span of
accelerate organelle aadtion and protein degradation. Caenorhabditis eledéans

1491 DOI:10.1021/acs.accounts.9b00080
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TUMOR IMAGING AND IMAGE-GUIDED CANCER residual tumor nodules (<1 million cells), which were invisible
SURGERY under white light, exhibited clear visualization, resulting in a
more complete tumor resection. The long-term survival rate
é\;gni cantly increased (>70%) under PINS guidance compared
h white light or debulking surgeriegj(re D).

Aerobic glycolysis, also known as the Warbwrgt, e
represents a ubiquitous deregulated metabolism in a vari
of cancer typé$. “® Cancer cells preferentially take up glucose
and convert it to lactic acid. The clinical manifestation of the SUMMARY AND FUTURE PERSPECTIVE

Warburg eect is the broad use &fF- uorodeoxyglucose . i ) )
(FDG) for noninvasive tumor diagnosis by positron emissiohnis Account summarizes the development of transistor-like
tomography (PET). However, FDG-PETess from high ultra-pH-sensitive nanoparticles to digitize acidotic signals in
false positive rates in tissues with high physiologic uptakeRiplogical systems. The original impetus of this work was to
glucose (e.g., brain, brown fats). Excretion of metabolic ac§éi@Plish a pH-activatable nanocarrier capable of delivering
and damaged lymphatic systems in solid cancers contribute'i§rapeutic payloads inside mildly acidic endocytic organelles
a persistent acidic tumor microenvironfierit Multiple pH before reach_mg t_he more acidic, degradative lysosomes. Early
responsiveuorescent or PET tracers have been designed fq‘york was inspired by researc%ﬁeadvances from many
tumor imaging and diagndis® In most cases, these probes laboratories in drug and gene del fy. After reviewing

are eective at reporting the gradient pH values but are unabl10us design options, we decided to investigate the current
to provide clear tumor margin delineation with approximationizable polymeric system, hypothesizing that a lower energy
binary output arrier from noncovalent self-assembly would render faster

Transistor-like ultra-pH sensitive nanosensors display sev %F“CS and more cooperafive response over covalent, pH-

advantages over traditional analog pH sensors, allowing miillsseiﬁtggiﬁ;thIggg&ggo%azngagﬂgtrﬁ—()by t<he fast
i ity i i i i i i . n/off
high delity imaging detection for tumor diagnosis and maggf_s) responses to subtle changes in the environmental pH.

guided surgery. The binary signal output directly reports t : L o
pH status (higher or lower than a predetermined threshold}PECiC UPS compositions were further shown erelntiate
arly endosomal vs later endosomal pH in live cells. Over the

\(’jvi'tr::%li': tgﬁ:{g?gﬂﬁ; 'trr']t:rnﬁlsgrﬁgegcgi'allg Corr(;]tf):s”\?v?t%o:}t Iesnsuing years, we elucidated the molecular mechanism of the
P y gp dltra-pH-sensitive response and ideshthano-phase separa-

standard_ curve as a refe_ren(.:e.. F(_)r UPS qle5|gn, SI988h as the driving force for the all-or-nothing protonation
ampli cation aids in clear discrimination and siogilon phenotype that is absent in small molecular or common

of complex biological environménfBhe rst pH-activatable ; . ; ;

o for vi . . olymeric bases (e.g., polyethylenimine, polylysine, chitosan,
hanoprobe deS|g_n vivetumor imaging employed Cy5._5- gtc?;.” Inspired b(y g'][hepelyectr?)lnic transigtoy)i:oncept we
labeled nanoparticfésThe UPSis intended to accumulate in demonstrate the use of UPS nanoparticles ‘am;ota)n'

tumor tissues through the enhanced permeation and retemiﬂ%nsistd’rto digitize endocytic pH that allowed idaxtiion
(EPR) e ect and emit amped signal of Cy5.5 in the acidic ¢ tant KRAS as an oncogenic driver for accelerated

tumor microenvirqnment. The LJIPAS‘u.rther mOdbd with a organelle maturati6hin addition, we illustrate the feasibility
cRGDfK peptide ligand to target angiogenic tumor vasculatg™ 5chieve a binary delineation of tumor margins by
with high expression of ; integrins. Th_e.res.ultlng nanop- ygrescence imaging and ability to improve the precision of
robe demonstrated robust cancer-spamaging of solid  cancer surgerfigure §, which propelled the clinical testing
tumors in a wide range of mouse tumor models includings ihe UPS nanosensor.

breast, prostate, head and neck, lung, brain, and pancrealigoying forward, we envision several new lines of inquiry on
cancers. _ the development and evaluation of the transistor concept at the
Recently, the URSrobe was further moéd to be  chemical and biological interface. First, is it feasible to achieve
compatible with clinical cameras for tumor imaging and imaggqgitional digital outputs besidesrescence as exemegiin
guided cancer surgéfiThe Cy5.5 dye in the previous design this Account? Recent functionalization of the UPS nano-
was replaced by indocyanine green (ICG), a clinicallyarticles with a positron emitt8iCu, showed noninvasive
approved uorophore, resulting in a sharper pH responsegetection of occult tumor nodules by positron emission
deeper tissueuorescence penetration, and co_mpatlblllty W'thtomograph9? Autoradiography analysis of positron signals
multiple FDA-approved clinical cameras. This pH-activatabiistrated binary readouts of tumors over the surrounding
ICG-encoded nanosensor (PINS) has a relatively higfissues, indicating the possibility to extend signal digitization
e ciency targeting the tumor region 2 of the injected beyond uorescence. Second, is it possible toedéhe
dose) and allows visualization of a variety of tumors with higfiructural requirement of polymers to achieve transistor-like
signal-to-noise ratios. Sections of tumor and adjacent tissu@gasensitive response? In our pursuit of biodegradable UPS
clearly illustrate a discrete tumor margin delineation aslveri systems, we discovered polymer backbones can greatly impact
by histology Figure A). Compared to FDG-PET imaging, the sharpness of pH response. Several attempts using amide or
PINS probes generated conspicuous detection of large or smpaptide backbones failed to achieve an ultrasensitive response
head and neck tumors without the false positive signals liRely due to the restrained chain rotation and introduction of
tissues such as brown fats or tensed muscles exhibited by FR¢drogen bonds that disrupt the molecular dynamics of pH-
PET, demonstrating key betse from digitization and induced self-assembly (data not published). Elucidating the
ampli cation of biological signalsqure B). structural constraints to allow cooperative phase transitions
Accurate margin detection allows precise resection of tumavill be valuable to design new nanomaterials not only for
under image guidance. Real-time cancer surgeries in murgedsing pH but also other stimuli of interest. Third, can UPS
HN5 head and neck cancer model and 4T1 breast canceanoparticle system be functionally expanded in the form of
model were performed using the SPY Elite syStgore simple logic gates or a multiplexed barcode system?
7C), a camera widely used in operating rédfgen small  Maintaining the currentuorescence reporter of the nano-
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