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ABSTRACT: Imaging pHe of the tumor microenvironment has
paramount importance for characterizing aggressive, invasive
tumors, as well as therapeutic responses. Here, a robust approach
to image pH changes in the tumor microenvironment longitudi-
nally and during sodium bicarbonate treatment was reported. The
pH-sensing microbeads were designed and prepared based on
materials approved for clinical use, i.e., alginate microbead-
containing computed tomography (CT) contrast-agent (iopami-
dol)-loaded liposomes (Iop-lipobeads). This Iop-lipobead pre-
pared using a customized microfluidic device generated a CEST
contrast of 10.6% at 4.2 ppm at pH 7.0, which was stable for 20
days in vitro. The CEST contrast decreased by 11.8% when the pH
decreased from 7.0 to 6.5 in vitro. Optimized Iop-lipobeads next to
tumors showed a significant increase of 19.7 ± 6.1% (p < 0.01) in CEST contrast at 4.2 ppm during the first 3 days of treatment and
decreased to 15.2 ± 4.8% when treatment stopped. Notably, percentage changes in Iop-lipobeads were higher than that of amide
CEST (11.7% and 9.1%) in tumors during and after treatment. These findings demonstrated that the Iop-lipobead could provide an
independent and sensitive assessment of the pHe changes for a noninvasive and longitudinal monitoring of the treatment effects
using multiple CEST contrast.
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■ INTRODUCTION
Acidosis is one of the hallmarks of the tumor microenvironment;
i.e., pHe is approximately 6.3 to 6.9, which could cause resistance
to immunotherapy as well as some chemotherapies and
radiotherapy.1−7 This is related to the production and
accumulation of lactic acid via aerobic glycolysis, hypoxia,
poor perfusion of tumor cells, and poor buffering.8,9 Thus,
monitoring the tumor pHe is of paramount importance in
diagnosis and therapy. Conventional pH imaging requires the
administration of pH sensitive dyes, contrast agents (CAs), or
tracers,10,11 such as dyes in fluorescence imaging12 and
photoacoustic imaging,13 and tracers in positron emission
tomography (PET) imaging,14 to enhance the sensitivity of
detecting local pH changes in the heterogeneous tumor
environments. Numerous magnetic resonance imaging (MRI)
approaches that could reveal tumor pH, including MR
spectroscopy15−17 and emerging chemical exchange saturation
transfer (CEST), have been applied for imaging acidosis with18

or without19 CAs. The emergingMR approaches could solve the
limitations associated with spatial and temporal resolution,
especially CEST MRI that enables the use of endogenous
contrast and/or exogeneous agents approved for clinical use to
support frequent assessments. For example, the natural

exchangeable protons of computed tomography (CT) CAs
have been successfully repurposed as pH-sensitive CEST CAs
for tumor pH imaging.20,21 The endogenous CEST contrast of
tumors, such as the amide proton transfer (APT) at around 3.5
ppm, has been applied to identify acute stroke22 and radiation
necrosis from tumor recurrence.23−25 APT is more sensitive to
alterations in the concentration of proteins than pH, thus it will
be challenging to monitor pHe independently using an
endogenous APT signal.26,27

CT CAs, such as iopamidol, have been exploited for CEST-
MRI pH imaging to monitor tumor pH in both preclinical28,29

and clinical30 applications. Many advantages in tumor imaging
have been demonstrated since the first report of CEST
properties of CT contrast agents by Aime et al. in 2005.31−33

First, the delivery of CT CA can generate as high as 10% CEST
contrast at 4.2 ppm20 and detect pH with a precision of 0.07 in

Received: June 13, 2022
Accepted: October 5, 2022
Published: November 30, 2022

Research Articlewww.acsami.org

© 2022 The Authors. Published by
American Chemical Society

54401
https://doi.org/10.1021/acsami.2c10493

ACS Appl. Mater. Interfaces 2022, 14, 54401−54410

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peng+Xiao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jianpan+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiongqi+Han"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jacinth+W.+S.+Cheu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yang+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lok+Hin+Law"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joseph+H.+C.+Lai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiyu+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiyu+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Se+Weon+Park"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carmen+C.+L.+Wong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Raymond+H.+W.+Lam"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kannie+W.+Y.+Chan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.2c10493&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c10493?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c10493?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c10493?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c10493?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c10493?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aamick/14/49?ref=pdf
https://pubs.acs.org/toc/aamick/14/49?ref=pdf
https://pubs.acs.org/toc/aamick/14/49?ref=pdf
https://pubs.acs.org/toc/aamick/14/49?ref=pdf
www.acsami.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsami.2c10493?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


the range of 6.2−7.4.18 Second, acidoCEST using iopamidol
showed a higher contrast-to-noise ratio than endogenous APT
CEST in pH measurements.34 Third, they can be used to
monitor tumor pHe for the assessment of treatment effects, such
as bicarbonate treatment,18 dichloroacetate treatment,35 and
metformin treatment.29 This pH imaging approach has been
successfully applied in differentiating pancreatitis and pancreatic
cancer,36 assessing lung cancer,37 and breast cancer.38

In order to address the clinical needs for sensitive and pHe-
specific imaging during the course of treatment. There is a need
to develop alternative pHe monitoring approaches that are free
of high dose and repeated administration of CAs, which could
lead to nephrotoxicity.39 Alginate microbeads have been widely
used in the delivery of cells, drugs, and agents due to their
biocompatibility, inertness, and ease of fabrication.40−42 A
previous CEST study demonstrated that these alginate microbe-
ads could sensitively detect subtle changes in local pH when cell
death occurs.43 While these alginate microbeads at around 300−
400 μm prepared by electrospray51 generated a stable CEST
contrast in vitro for about a month,43 a more controllable
preparation that generates microbeads with monodispersity,
small and spherical alginate microbeads could minimize the
immune responses,44 such as the foreign body responses.45,46

Microfluidic fabrication could provide these advantages in the
preparation of alginate microbeads with monodispersed
size.40,47

In this study, we aim to develop a microfluidic platform to
generate CT CA containing alginate microbeads with high
CEST contrast and pH sensitivity, and high CA retention for
longitudinal tumor CEST pHe imaging during treatment.
Presumably the observed changes in CEST of these microbeads
could indicate the changes in pHe not in amide concentration.
We designed a robust microfluidic device for the fabrication of
alginate microbeads containing liposomes loaded with iopami-
dol (Iop-lipobeads) in tens of microns. Then, we studied the
CEST properties of Iop-lipobeads and applied the Iop-lipobeads
to monitor the subcutaneous tumor pHe longitudinally at 3T
during sodium bicarbonate treatment. We monitored and
compared both the CEST contrast from Iop-lipobeads and

endogenous CEST contrast of tumors for multiple CEST
contrast imaging.

■ MATERIALS AND METHODS
Materials. Sodium alginate (PRONOVA UP LVM) was purchased

from NovaMatrix (Norway). All lipids were purchased from Avanti
Polar Lipids, Inc. (Alabaster, AL, USA). Ethylenediamine tetra-acetic
acid disodium salt dihydrate (Na2EDTA) and calcium chloride
anhydrous were purchased from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China). Sodium chloride was purchased from
Dieckmann (China). Mineral oil and trichloro(1H,1H,2H,2H-
perfluoro-octyl) silane were purchased from Sigma (Sigma-Aldrich,
Milwaukee, WI). Negative photoresist SU-8 2050 and SU8 developer
were obtained from Chestech (Rugby, UK). Polydimethylsiloxane
(PDMS) prepolymer and the curing agent (Sylgard 184) were obtained
from Dow Corning (Midland, MI, USA). Sephadex G50 columns were
purchased from GE Healthcare Life Sciences (Pittsburgh, PA).
Dulbecco’s Minimum Essential Medium (DMEM, GlutaMAXTM-1)
and DMEM-HG medium were purchased from Gibco, Invitrogen.

Design and Fabrication of Microfluidic Device. Two cross-
junctions were designed for the alginate microbead formation. The first
cross-junction with a 50 μm width and 50 μm height was used for the
alginate droplet generation, and the second cross-junction was designed
for introducing acetic acid into the channel to release ions for cross-
linking. Microfluidic devices were fabricated by soft lithography and
replica modeling of PDMS.48,49 Negative photoresist SU-8 was spun
and coated onto a clean silicon wafer with a thickness of 50 μm and
patterned by UV exposure through a transparency photomask. After
developing the microstructure, the wafer was deposited with trichloro
(1H,1H,2H,2H-perfluoro-octyl) saline. A degassed mixture of PDMS
and curing agent (at 10:1) was poured onto the pattern and cured at 65
°C for 2 h. The PDMS molds were then peeled off the master and
punched for the channel inlets and outlet. The PDMS replicates were
bonded to glass slides after plasma activation of both surfaces and cured
overnight at 65 °C to enhance bonding.

Preparation and Characterization of Iopamidol-Loaded
Liposome. The thin film hydration method was used to prepare
iopamidol-loaded liposome.50 In brief, 50 mg of egg phosphatidylcho-
line (PC), DSPC-PEG-2000, and cholesterol were mixed in a molar
ratio of 24:3:73 in chloroform. The resulted thin film was hydrated with
1mL of iopamidol solution at 972mM. The suspension was annealed at
55 °C for 1 h. Liposomes were obtained after sonication and extrusion
through polycarbonate filters with 400 μm pores. Unencapsulated
iopamidol was removed by passing through Sephadex twice. Liposome

Figure 1.Microfluidic fabrication of alginate microbeads incorporated with iopamidol-loaded liposome (Iop-lipobeads). (a) Microfluidic design for
the preparation of microbeads. 1, 2, and 3 are inlets for the water phase, oil phase, and oil/acid phase, respectively, and 4 is the outlet. (b) Schematic of
Iop-lipobeads. (c) Chemical structure of iopamidol showing exchangeable amide protons generating CEST at 4.2 and 5.6 ppm. (d) Oil phase flow rate
dependency of Iop-lipobead size. Iop-lipobead size decreased with the increased flow rate of oil phase when water flow rate and oil/acid flow rate were
set at 120 μL/h and 1500 μL/h, respectively. The error bars represent the standard error of the mean. (e) Bright field image of Iop-lipobeads prepared
at an oil flow rate of 600 μL/h.
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size and zeta potential were measured by Zetasizer (Malvern
Instruments), while the liposome concentration was measured by
Nanosight (Malvern Instruments).

Preparation of Liposome Incorporated Alginate Hydrogel
Microbeads Using Microfluidics. First, 2 w/v% sodium alginate
powder was dissolved in 100 mM Ca-EDTA solution followed by pH
adjustment to 7.4 using sodium hydroxide to form Alg-Ca-EDTA
solution. The water phase was composed of liposome and Alg-Ca-
EDTA solution and mixed at a volume ratio of 1:1. The oil phase and
oil/acid phase were composed of mineral oil with 2 wt % Span 80 and
mineral oil with 3 wt % Span 80 and 1.5 v/v% acetic acid, respectively.
Acetic acid was used to trigger the release of calcium ions from the Ca-
EDTA complex for hydrogel bead formation.

To fabricate Iop-lipobeads, the water phase, oil phase, and oil/acid
phase were pumped into the device via inlets 1, 2, and 3, respectively
(Figure 1a). Droplets were generated at the first cross-junction. An oil/
acid phase containing acetic acid coflowed with the formed droplets at
the second cross-junction. As a result, the acid triggered the release of
Ca2+ from the Ca-EDTA complex and initiated the cross-linking of the
alginate droplet. The flow rate of the oil phase was adjusted from 200
μL/h to 600 μL/h to achieve different sizes of Iop-lipobeads (Figure
S1) when both flow rates for the water phase and oil/acid phase were
fixed at 120u μL/h and 1500 μL/h, respectively. After droplet
formation, alginate microbeads were collected in a vial containing saline
solution (20 mM CaCl2 in 0.9 wt % NaCl solution). The beads were
then washed with saline solution at 37 °C to remove the oil on
microbeads.

CEST Imaging. All MRI experiments were performed on a
horizontal bore 3T preclinical Bruker MRI system (Bruker, Ettlingen,
Germany). For Iop-lipobead phantom imaging, a 40 mm transmitting
and receiving volume coil was used. The B0 field was shimmed to the
second-order using water line width. Amodified rapid acquisition with a
relaxation enhancement (RARE) sequence with a continuous-wave
presaturation pulse was used to acquire CEST images at different
irradiation frequencies. Imaging parameters were set as follows: slice
thickness = 2mm, field of view (FOV) = 20× 20mm, image size = 64×
64, RARE factor = 32, repetition time (TR) = 6000 ms, echo time (TE)
= 86.77ms, resulting in an acquisition time of 12.0 s for each offset. One
slice from coronal orientation was selected for CEST acquisition. CEST
frequency varied from −20 to 20 ppm, with a step of 0.1 ppm between
−1 and 1 ppm, a step of 0.2 ppm between±1 and ±8 ppm, and a step of
0.5 ppm between ±8 and ±11 ppm. Four M0 images at 200 ppm were
acquired for Z-spectrum normalization. Thus, the total scan time of a
CEST acquisition was 21 min 24 s with −11 to 11 ppm for the test of
power optimization, pH dependency, and CEST retention. For the
medium test, extra acquisition points on ±13, ±15, and ±20 ppm were
acquired, resulting in a total scan time of 22 min 36 s. The saturation
power (B1) was varied as 0.6, 0.8, 1.2, 1.6, 2.0, and 3.0 μT with a
constant saturation duration (Tsat) of 3 s to optimize the saturation
parameters. The data were processed using custom-written MatLab
(Mathworks, Natick, MA) scripts. The Z-spectra were calculated using
the mean of each region of interest (ROI) placed over each sample after
B0 correction on a pixel-wise basis. CEST contrast (%) was quantified
by subtracting Z-spectra from the Lorentzian fitted water and
magnetization transfer signal.51,52

For the in vivo CEST MRI, some parameters were different with in
vitro CEST MRI. A 23 mm transmitting and receiving volume coil was
used. Imaging parameters were the same as described above for in vitro
imaging except for the following: slice thickness = 1.5 mm, FOV = 25 ×
25 mm, TR = 5000 ms, TE = 6.9 ms, resulting in an acquisition time of
10 s for each offset and a total acquisition time of 18 min 50 s (−20 ppm
to 20 ppm as mentioned above). The B1 was varied at 0.6, 0.8, 1.2, 1.6,
and 2.0 μT to optimize the saturation parameters.

Preparation of Phantoms for pH Sensitivity Measurement.
pH phantoms at 6.0, 6.5, 7.0, 7.5, and 8.0 pHwere prepared using saline
solution, and the pH was adjusted by diluted hydrochloric acid and
sodium hydroxide. Hypoxic medium (HM) and normoxic medium
(NM)were obtained frommediums cultured withMHCC97L cells in a
hypoxia incubator chamber (Billups-Rothenberg) with 1% and 20%O2,
both for 24 h, respectively. Fresh medium (FM) was the medium

without cell culture. The pH of HM, NM, and FM were measured and
found to be at 6.8, 7.1, and 7.2, respectively, before mixing with Iop-
lipobeads. A total of 150 μL of Iop-lipobeads was mixed with 300 μL of
each medium, followed by centrifugation at 1000 rpm for 1 min before
CESTmeasurement. Then, the CEST contrast of the medium phantom
was measured using the same imaging protocol described in CEST
imaging section.

Preparation of Tumor Mouse Model, Iop-Lipobeads In-
jection, and Bicarbonate Treatment. Female nude mice (4−8
weeks, n = 9) were acquired from the Laboratory Animal Research Unit
at City University of Hong Kong. All in vivo studies were conducted
according to procedures approved by the institutional ethical review of
research experiments involving animal subjects committee. To implant
tumors, the mice received a subcutaneous injection of a 100 μL
suspension of U87 cells with a cell number of 5 × 106 at the dorsal
aspect of the right posterior limb. The pHe at the tumor periphery can
well represent the aggressiveness of the tumor.1,53 Moreover, the
injection of microbeads into the center of the tumor could perturb the
tumor structure due to intratumoral pressure of the solid tumors. Thus,
when tumor volume grew up to ∼150 mm3, 300 μL of sterilized
microbeads were subcutaneously injected near the tumor.

The bead injection day was marked as day 0. Two days later, drinking
water was replaced with 200 mM autoclaved sodium bicarbonate
solution for the tumor treatment group (n = 5). The bicarbonate
solution was replaced with normal drinking water after a 3-day
treatment. For the control group (n = 4), microbeads were
subcutaneously injected into the mice without tumors, and the mice
received the same bicarbonate treatment as the treatment group. CEST
MRI was performed from day 1 to day 7 daily. Mice were first
anesthetized using 2% isoflurane for induction and then maintained
using 1.0−1.5% isoflurane during MRI. The body temperature was
maintained using a warming pad, and the respiration was monitored by
a respiratory pad connected to a monitoring system (SA Instrument,
NY, USA). Imaging parameters were the same as those described in the
previous CEST imaging section.

Histology Analysis. Tumor and bead areas were harvested after all
CEST monitoring experiments and postfixed in 4% paraformaldehyde
(PFA) solution, then transferred to 30 wt % sucrose solution and kept at
4 °C. Histological sections with a 16 μm thickness were obtained using
a cryostat and directly mounted onto microscopic slides. Histological
analysis was performed by hematoxylin and eosin (H&E) staining
according to the standard protocols.54,55

■ RESULTS AND DISCUSSIONS
Design and Preparation of Iop-Lipobeads Using

Customized Microfluidic Device. To maintain a sustainable
CEST contrast, iopamidol was first encapsulated in liposomes
with 73 mol % of cholesterol. This high concentration of
cholesterol could improve the retention of intraliposomal
agents.43,56 Then, the iopamidol encapsulated liposomes were
incorporated into the alginate hydrogel beads using a flow-
focusing microfluidic device (Figure 1a). The microfluidic
device had three inlets and one outlet coupled with internal
gelation (Figure 1a). This enabled the generation of Iop-
lipobeads with a homogeneous size and spherical shape as
shown in Figures 1e and S1. The increase in the flow rate of the
oil phase from 200 to 600 μL/h resulted in a decrease of the
average alginate particle size from 54.5 to 35.6 μm (Figures 1d,e
and S1). The design of Iop-lipobeads is shown in Figure 1b, the
high concentration of iopamidol-loaded liposomes (i.e., 1017
particles per mL) premixed with alginate at the water phase
enabled a homogeneous distribution of liposomes in Iop-
lipobeads and a high concentration of iopamidol for CESTMRI.
Since a smaller particle size with a high surface-to-volume ratio
could improve the water accessibility for CEST MRI,44,57 Iop-
lipobeads of 35.6 ± 4.6 μm were used for further experiments.
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Characterization of Iopamidol-Loaded Liposome. The
average size of iopamidol loaded liposomes was 200 nm with a
polydispersity index (PDI) of 0.27, and the corresponding Zeta
potential and particle concentration were −0.5 mV and (1.6 ±
0.3) × 1017 /mL, respectively. Liposomes at this size were

chosen due to the favorable membrane water exchange rate44

and sustainable retention in alginate cross-linked hydrogel.58 Z-
spectra and CEST contrast acquired at pH 7, 37 °C, and 3T are
shown in Figure S2. Under a B1 of 1.6 μT, the CEST contrast of
liposomes was 42.4 ± 1.3% at 4.2 ppm and 1.8 ± 0.4% at −3.4

Figure 2. CEST imaging parameter optimization for Iop-lipobeads and stability of CEST contrast over time. (a) Z-spectra and (b) CEST contrast for
Iop-lipobeads at B1 values of 0.6, 0.8, 1.2, 1.6, 2.0, and 3.0 μT, and at Tsat = 3 s and 37 °C. (c) B1 power dependency of CEST contrast at 4.2 ppm and
−3.4 ppm, showing that CEST contrast at 4.2 ppm reached the highest value at 1.6 and 2.0 μT. (d) Time course of CEST contrast at 4.2 ppm in Iop-
lipobeads with daily replacement of saline at 37 °C showed the stability. CEST was measured at 1.6 μT and normalized to day 0. The error bars
represent the standard error of the mean.

Figure 3. pHdependency of Iop-lipobeads in a pH range of 6.0 to 8.0. CEST contrast at 4.2 ppm increased with pH and reached the highest value at pH
7.0 at 1.6 μT. (a) Z-spectra and (b) CEST contrast for Iop-lipobeads. (c) pH dependency of CEST contrast at 4.2 ppm and −3.4 ppm. (d) The CEST
maps at 4.2 ppm. The error bars represent standard errors.
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ppm, which were attributed to the amide protons on
iopamidol31 and the aliphatic protons on liposomes, respec-
tively.51

CEST Contrast of Iop-lipobeads in Vitro. CEST contrast
of Iop-lipobeads at 35.6 ± 4.6 μm prepared via microfluidic
device was characterized at pH 7, 37 °C, and 3T. A series of B1
values from 0.6 μT to 3.0 μT were tested, and corresponding Z-
spectra and CEST contrasts are shown in Figure 2a and b. Two
unique CEST contrasts were observed at 4.2 ppm and −3.4
ppm, which was generated by the amide protons of iopamidol as
shown in Figure 1c and the phospholipid bilayer of liposomes as
shown in our previous study, respectively.51 Interestingly, we did
not observe the other amide proton of iopamidol in Iop-
lipobeads at pH > 7 at 3T. This could be attributed to the
different water accessibility and exchange environment in
microbeads. Moreover, we acquired the CEST at 3T; the
spectral resolution might not be high enough to resolve the peak
reliably at 5.6 ppm. Thus, we used CEST contrast at 4.2 ppm for
pHe measurement. At 4.2 ppm, CEST contrast increased with
the B1 first and reached an optimal value of 11.5 ± 0.6% at B1 =
1.6 μT (Figure 2c). The highest CEST contrast at 4.2 ppm was
measured at 1.6 μT and 2.0 μT. At B1 = 1.6 μT, CEST contrast at
−3.4 ppm showed a relatively high signal of 2.2 ± 0.2% and
drastically decreased to −0.6 ± 0.4% when the B1 further
increased to 3.0 μT. Thus, an optimal B1 of 1.6 μT was used for
phantom study. We then studied the retention of iopamidol in
liposomal microbeads. Stable CEST contrast at 4.2 ppm was
detected in Iop-lipobeads for 20 days with daily replacement of
saline at 37 °C, as shown in Figure 2d. This showed a substantial
retention of iopamidol when compared to other CT CAs in
liposomes (∼75% release in 24 h59) or in alginate hydrogel
(>90% release within 100 min60). This suggested great potential
of our Iop-lipobeads for longitudinal monitoring in vivo.

pH Dependency of Iop-Lipobeads in Vitro. We then
examined the pH dependency at a range of 6.0 to 8.0 and the pH
sensitivity of CEST contrast at 4.2 ppm of Iop-lipobeads in cell

culture mediums, which mimicked the pH changes in the
extracellular environment. At 4.2 ppm, an increase in pH from
6.0 to 7.0 resulted in an increase in CEST contrast (Figure 3).
The CEST contrast at 4.2 ppm acquired at B1 = 1.6 μT was
10.7% at a pH of 7.0. CEST contrast increases in percentage in
Iop-lipobeads at 6.5−7.0 pH was 13.4%, which was attributed to
an increase in the exchange rate at pH 7.0 from that at pH 6.561

because amide protons of iopamidol were a base-catalyzed
exchange.20,62 The sensitivity of CEST at 4.2 ppm of Iop-
lipobeads was relatively lower compared with the iopamidol
solution,28 which could be attributed to the lesser water
accessibility of iopamidol in Iop-lipobeads.44 Interestingly, the
nuclear Overhauser enhancement (NOE) was not sensitive to
the pH change (Figure 3c), which could be a reliable readout to
indicate the concentration of liposomes. CEST contrast at 4.2
ppm is not monotonic with pH (Figure 3c), which could limit
the pH measurement in normal tissue.
The pH of a set of culture media, i.e., hypoxic medium,

normoxic medium, and fresh medium, was measured with both
CEST contrast at 4.2 ppm and a pH meter (Figure S3). CEST
contrast of the HM was about 7.8% lower than that of the
normoxic/fresh medium, which was due to the decreased
exchange rate in lower pH environment in hypoxic medium.61

The measured pH was 6.8 for hypoxic medium, 7.1 for nomoxic
medium, and 7.2 for fresh medium, respectively. Thus, this
indicated that the Iop-lipobeads were sensitive to detecting a
change of 0.3 in pH, which resembles acidosis in a tumor
microenvironment.

CEST MRI of Iop-Lipobeads in Mice. We further
optimized the B1 for CEST imaging of Iop-lipobeads in vivo.
This is because the exchange environment might vary in vivo
due to the presence of other molecules. Figure 4 showed CEST
contrast at 4.2 ppm after subcutaneous injection into mice
without tumor. CEST increased from 4.6 ± 0.1% to 6.9 ± 0.5%
with B1 power increased from 0.6 μT to 1.6 μT, then decreased
to 6.2 ± 0.5% at 2.0 μT, which was slightly different from that in

Figure 4. Power optimization for CEST imaging of Iop-lipobeads in mice without a tumor at day 2 (n = 4). (a) Z-spectra and (b) CEST contrast for
Iop-lipobeads at B1 of 0.6, 0.8, 1.2, 1.6, and 2.0 μT. (c) B1 power dependency of CEST contrast at 4.2 ppm, showing that CEST contrast at 4.2 ppm
reached the highest value at 1.6 μT. (d) Representative CEST map at 4.2 ppm of Iop-lipobeads at different B1 powers. The error bars represent
standard errors.
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vitro due to the additional magnetization transfer contribution
in vivo. Moreover, the injection of Iop-lipobeads could induce
inflammation in mice without tumors, which was supported by
the NOE increase at the microbead periphery (Figure 5f) and
the histology results (Figure 7c). NOE is sensitive to lipids/
proteins, especially lipid-rich structures, e.g., the cell membrane
and myelin.25 Inflammation typically results in acidosis, thus
reducing the pH of normal tissue to less than 7.0.63,64 The B1
power of 1.6 μT was applied for following in vivo experiments.
CEST contrasts of Iop-lipobeads in mice before, during, and

after bicarbonate treatment were investigated (Figure 5). We
observed an increase in CEST contrast at 4.2 ppm in the Iop-
lipobead regions upon bicarbonate treatment, followed by a
decrease after treatment. In mice with tumors, the CEST at 4.2
ppm of Iop-lipobeads increased from 6.3 ± 0.5% before
treatment to 7.5 ± 0.4% and 7.3 ± 0.5% during and after
treatment, respectively (Figures 5b and 6a). These represented a
percentage increase of 19.7 ± 6.1% and 15.2 ± 4.8% during and
after treatment, respectively (Figure 6c), which resembles the
percentage increase (∼20%) at 4.2 ppm at 3T28 induced by a pH
increment of 0.3, i.e., the reported pHe increment from previous
studies with a similar treatment regime.1,18,53 In mice without
tumors, the CEST at 4.2 ppm of Iop-lipobeads increased from
6.7 ± 0.4% before treatment to 7.7 ± 0.6% and 7.9 ± 0.7%

during and after treatment, respectively (Figures 5e and 6a),
corresponding to an increased percentage of 16.1 ± 4.5% and
17.8 ± 8.0%, respectively (Figure 6c). We observed a substantial
change of CEST contrast at −3.4 ppm of Iop-lipobeads neither
in tumor bearing mice (Figure 5d) nor in mice without tumors
(Figure 5f), which could support a minimal release of liposomes.
As shown in Figure 6a, the CEST contrast at 4.2 ppm of Iop-

lipobeads demonstrated a significant increase during treatment
in mice both without and with tumors (P < 0.01).63,64 There was
a significant decrease in CEST contrast after treatment (P <
0.05) in the tumor bearingmice (Figure 6a). The CEST contrast
at 4.2 ppm after treatment in both mice with and without tumors
remained high after treatment. This could be related to the poor
drainage or the lesser acidosis in the tumor microenvironment
after treatment and the potential release of iopamidol.
Moreover, the foreign body responses could worsen the
drainage in the tumor region. Thus, when comparing the
percentage change of CEST contrast at 4.2 ppm, a continuous
increase was observed in mice without tumors (Figure 6c), for
which the percentage increase was significantly lower in mice
with tumors. The estimated in vivo pH changes based on the
ratiometric method can be found in Figures S4 and S5. The
estimated pH in mice with tumors increased during treatment
and slightly decreased after treatment, while the pH in mice

Figure 5. CEST maps in mice with or without tumors before treatment, during treatment, and after sodium bicarbonate treatment. (a) Plan for
treatment. CESTmaps at (b) 4.2 ppm, (c) 3.4 ppm, and (d)−3.4 ppm in a representative mouse with tumor at B1 = 1.6 μT. CESTmaps at (e) 4.2 ppm
and (f) −3.4 ppm in a representative mouse without tumors.

Figure 6.CEST contrast change in Iop-lipobeads and tumors in mice before, during, and after sodium bicarbonate treatment. (a) CEST contrast at 4.2
ppm in Iop-lipobeads in mice with tumors (n = 5) and without tumors (n = 4). (b) Amide CEST and NOE contrast in tumors. (c) Relative changes of
CEST contrast in Iop-lipobeads in mice with and without tumors and endogenous CEST contrast, i.e., ATP and NOE, which clearly indicated a better
pH sensitivity in Iop-lipobeads. The error bars represent standard errors.
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without tumors increased during and after treatment. This was
consistent with CEST changes at 4.2 ppm in Iop-lipobeads. This
also indicates the sensitivity of Iop-lipobeads in sensing pH
changes in the tumor microenvironment.
Endogenous CEST contrast at 3.4 ppm (amide) and −3.4

ppm (NOE) of tumors could indicate pH changes.22,26,65 Amide
CEST in tumors was 6.9± 0.4%, 7.7± 0.4%, and 7.5± 0.5% and
NOE in tumors was 6.3 ± 0.7%, 6.9 ± 0.5%, and 6.5 ± 0.5%
before, during, and after treatment, respectively (Figure 6b).
There were percentage increases of 11.7 ± 5.8% and 9.1 ± 7.3%
for amide CEST and 9.6 ± 6.0% and 4.1 ± 9.8% for NOE during
and after treatment, respectively (Figure 6c).66 The increase
during treatment and decrease after treatment in amide CEST
was consistent with reported findings that amide CEST was
increased with pH.22 Notably, percentage changes of CEST at
4.2 ppm in Iop-lipobeads were higher than that of amide CEST
in tumors during and after treatment (Figure 6c), which strongly
supported the sensitivity and specificity of the Iop-lipobeads in
detecting pHe changes during tumor treatment.

Histology Study. We performed H&E staining to study the
changes at tissue level related to the injection of Iop-lipobeads.
We observed the Iop-lipobeads with sizes comparable to in vitro
(Figure 7a) and a relatively higher number of cells at the
periphery of the Iop-lipobead region in mice both with (Figure
7b) and without tumors (Figure 7c). The NOE contrast of the
periphery of the Iop-lipobead region was 5.6%, and it is
significantly higher (P < 0.01) than that of the core of the Iop-
lipobead region (i.e., 4.0%; Figure 7d). With reference to a
previous study,45 fewer immune responses related to the foreign
body responses were observed in Iop-lipobeads, with less of a
layer of cells around the Iop-lipobead region (Figure 7). This
could be due to the much smaller alginate microbeads being
used in this study (35.6 μm) when compared with 300−400 μm
in the previous study.45 Although this immune response is
inevitably observed with alginate hydrogel injection,43,45 we
could control the size and dispersity to minimize the response.

■ CONCLUSION
In this study, we demonstrated the feasibility of monitoring pHe
change during tumor bicarbonate treatment with pH sensitive
Iop-lipobeads. The customized microfluidic device enables the
generation of Iop-lipobeads at a range of 35.6−54.5 μm. The
microbeads of 35.6 μm showed stable CEST contrast at 4.2 ppm
of 10.6% for 20 days and changed by 13.4% at 6.5−7.0 pH in
vitro. This pH sensitivity enables the identification of a hypoxic
medium and normoxic medium. In tumor mice, CEST at 4.2
ppm in Iop-lopobeads increased by 19.7% during the 3 days of
treatment, while it decreased by 15.2% after treatment. The
endogenous amide CEST could indicate the pH changes in
tumors, thus reflecting the tumor responses. Interestingly, amide
CEST only changed by 11.7% and 9.1% during and after
treatment, respectively. The CEST change percentage in Iop-
lipobeads was higher than the endogenous CEST change
percentage in tumors. This indicated that Iop-lipobeads are
sensitive to pH changes in tumor microenvironment (pHe),
which could independently reveal the treatment effect on pHe.
Moroever, the endogenous CEST contrast could serve as
additional contrast to assess the responses of tumors toward the
treatment. These results demonstrated that the Iop-lipobead
could provide an independent assessment of the pH changes for
a noninvasive and longitudinal monitoring of the treatment
effects, especially using multiple CEST contrast.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.2c10493.

Bright field images for Iop-lipobeads prepared by
microfluidics at different flow rates (Figure S1); Z-spectra
and CEST contrast for iopamidol liposome at varied B1
power and B1 power dependency of NOE in liposomes in
vitro at neutral pH (Figure S2); CEST properties of Iop-
lipobeads in different media (Figure S3); fitted pH

Figure 7.Hematoxylin and eosin (H&E) staining of subcutaneous Iop-lipobeads 7 days after injection. (a) The center of the Iop-lipobead region and
(b) the periphery of the Iop-lipobead region in mice with tumors. (c) The periphery of the Iop-lipobeads region in mice without tumors. Scale bar: 50
μm. Comparison of NOE contrast in the Iop-lipobead regions (core vs periphery) of (d) mice with tumors and (e) mice without tumors. Black arrows
and gray arrows indicated the Iop-lipobeads and cells, respectively. The error bars represent standard errors.
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calibration curve using a ratiometric approach and CEST
signal at 4.2 ppm (Figure S4); estimated pH of Iop-
lipobeads in mice with and without tumors using a
ratiometric approach (Figure S5) (PDF)
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