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ABSTRACT: Extremely small iron oxide nanoparticles (ESIONPs) with a switchable
contrast signal and a favorable biocompatibility are gaining considerable attention as
smart magnetic resonance imaging (MRI) contrast agents (CAs). To improve the
accuracy of tumor diagnosis using adaptive MRI CAs, that realize rapid imaging signal
conversion under an endogenous stimulus, are highly demanded. Herein, based on the
hydrophilic to hydrophobic transition of polymers, we propose a pH-responsive T1/T>

switchable ESIONP contrast agent. ESIONPs are functionalized at the surface with



adamantane groups through a polyethylene glycol (PEG) chain, and subsequently a
stimuli-responsive polymer (PSDM) with pH-dependent solubility is introduced
through the host-guest interaction between adamantane and B-cyclodextrin (B-CD). The
obtained ESIONPs-PEG-PSDM is equipped with the remarkable pH responsiveness,
which triggers the aggregation of ESIONPs under the tumor acid condition, leading to
the switch from a T to a T contrast agent. /n vivo MRI experiments show that T
contrast signal is selectively enhanced at the tumor location after injection of ESIONPs-
PEG-PSDM. Therefore, ESIONPs-PEG-PSDM with pH-induced hydrophilic to
hydrophobic transition is a potential smart MRI contrast agent for the precise tumor

diagnosis.

KEYWORDS: host-guest interaction, relaxivity, biocompatibility, tumor

microenvironment, tumor diagnosis



1. INTRODUCTION

MRI is an established clinical imaging technique for the tumor diagnosis with
noninvasive and nonionizing radiative property as well as high temporal and spatial
resolution.'” In the clinic, exogenous contrast agents that can shorten the relaxation
time of water protons have been introduced to overcome the intrinsic limited sensitivity
of MRL*® Those molecules that primarily reduce the longitudinal relaxation time (T})
are normally identified as T; CAs and can provide positive contrast enhancement,
represented by gadolinium-based small molecules. While those agents that mostly
affect the transverse relaxation time (T2) are generally considered as T> CAs and can
provide negative contrast enhancement, represented by superparamagnetic iron oxide
nanoparticles (SPIONs).® Although these traditional Ty and T2 CAs are able to improve
the contrast effectiveness, their “always on” contrast signals usually lead to a lack of
specificity and generate a high background signal, which may disturb the precision and
efficiency of clinical tumor diagnosis.”” Hence, stimulus-responsive CAs, whose signal
can be amplified or activated in response to the stimuli derived from the tumor
microenvironment, have drawn great attention in recent years.! '© Towards the
development of stimulus-responsive CAs, several strategies have been explored to
specially enhance Ti or T> MRI signal.!'"!3 For instance, pH-responsive gadolinium
nanoparticle functionalized with gadolinium triacetate and silkworm sericin was
designed to improve T; relaxivity in vivo.'* However, these stimulus-responsive CAs
with the performance of single T1 or Tz signal amplification cannot still completely

avoid the background signal in the inactive state, which brings a negative impact on the



precise diagnosis.!>!® Therefore, an efficient method of switching contrast effect
between T and T» at the special pathological microenvironment that can fundamentally

improve the signal-to-noise ratio may be considered a promising approach.

ESIONPs with a diameter less than 4 nm were found to have the ability of enhancing
Ti: MRI contrast and regarded as an interesting type of T1 CAs.®> ""!® The unique
property of ESIONPs is ascribed to the unpaired electrons of Fe** on the large surface
area and the small magnetic moment resulted from the extremely small size of the
particles.!” Recently, research studies have pointed out that the magnetic field
inhomogeneity of aggregated ESIONPs could significantly increase due to the magnetic
coupling, thus providing T> MRI contrast effect.'®?° The type of contrast enhancement
of ESIONPs can be regulated by the transition between a dispersed and an aggregated
condition, which may provide a feasible method for the design of stimulus-responsive

T1-T> switchable CAs, converting the contrast effect between T and T>.

Several efforts have been made to construct T1-T2 switchable CAs by triggering the
assembly or disassembly of ESIONPs at the tumor location.!> - 212 For instance,
ultrasmall Fe3O4 NPs have been synthesized and cross-linked using cystamine, and the
resulting nanoclusters can dissociate to single particles under tumor microenvironment
switching from T, to T; behavior.® For T./Ti switchable CAs designed by the
conversion from aggregated to dispersed state in the pathological region, the dispersed
ESIONPs with extremely small size will easily present the intravasation back into
circulation to some extent. As a result, this type of design will lead to the adverse effect

on the accumulation effect of CAs at the tumor region.?® For Ti/T> switchable CAs



based on ESIONPs, the small sized NPs are more efficient to extravasate from the leaky
tumor vessel and permeate further into the tumor. After their aggregation at the
pathological region, the clustered NPs are hampered to go back into blood circulation
by facilitating the enhanced permeability and retention (EPR) effect.?’ Therefore, T1/T2
switchable CAs have been assumed to be more beneficial for their effective tumor
accumulation. In our previous work, two kinds of ESIONP-based T1/T> switchable CAs
were constructed and the aggregation strategy generated favorable MRI contrast effect
at the tumor location owing to effective accumulation.?’?® Additionally, the work that
the ultrasmall iron oxide nanoparticles served as a T> contrast agent to specifically
amplify the T> contrast signal originated from the aggregation in the tumor location has
been reported.”’ Compared with this strategy, the Ti/T» switchable CAs that can
specifically switch to a T> contrast agent may provide the totally different signal from
initial contrast signal, resulting in great T> contrast enhancement and low background
signal. Consequently, it would be more favorable to develop Ti/T> switchable CAs
based on ESIONPs that are capable of switching from a T contrast agent to a T2 one

for the precise tumor diagnosis.

Smart polymers that respond to the external stimuli such as pH, redox potential and
enzyme have attracted intense interest in biological applications.’®?” In particular,
various pH-responsive polymers have been employed to construct stimulus-responsive
nanoplatforms for tumor therapy and imaging.®®**° Among them, polymer with
sulfadimethoxine (SDM) groups show a very sharp transition range and remarkably

pH-dependent solubility resulting from the ionization of the functional groups in the



acid tumor microenvironment (TME), providing a reasonable tactic to design stimulus-
responsive CAs.*'"* In addition, a special attention has been paid to the host-guest
adamantane/B-CD (Ad/B-CD) complexation in the design of nanostructured materials,
due to the strong association constant on account of the great fitness of Ad into B-CD
cavity.** In the present work, we designed and prepared polysulfadimethoxine
(PSDM)-modified ESIONPs based on the Ad/B-CD complexation as a pH-responsive
T1/T2switchable contrast agent to selectively activate T MRI signal at the tumor region .
Polyethylene glycol (PEG) terminally modified with adamantane (Ad-PEG-NHz) was
introduced on the surface of ESIONPs to obtain adamantane-modified ESIONPs
(ESIONPs-PEG-Ad). Moreover, carboxylic acid-modified PSDM (PSDM-COOH),
obtained by reversible addition-fragmentation chain transfer (RAFT) polymerization,
was covalently bound to the amino functions present on B-CD molecule. The resulted
macromolecule was conjugated with ESIONPs-PEG-Ad to form the pH-responsive
T1/T2 switchable contrast agent ESIONPs-PEG-PSDM. Due to the hydrophilic property
of PSDM at neutral pH, ESIONPs-PEG-PSDM is highly dispersed and affords T
contrast effect during blood circulation. After reaching the tumor acid environment, the
PSDM on the surface of ESIONPs turn hydrophobic, leading to aggregation of the
nanoparticles generating a negative T2 signal. Therefore, with the accomplishment of
aggregation, the T1/T2 switchable ESIONPs-PEG-PSDM will shift from a T to a Tz
contrast agent, and T2 contrast effect at tumor location will be selectively enhanced for

the accurate diagnosis.



2. RESULTS AND DISCUSSION

Preparation and characterization of pH-induced aggregation of ESIONPs-
PEG-PSDM. To construct pH-responsive ESIONPs-PEG-PSDM, the smart polymer
PSDM-COOH was first synthesized by RAFT polymerization and then conjugated to
amino B-CD molecule through the amidation reaction to obtain p-CD-PSDM.*' In
addition, adamantane group was introduced to the surface of ESIONPs through Ad-
PEG-NH;, performing the reaction between the amino group and the active
pentafluorophenyl ester-modified ESIONPs (ESIONPs-PFP).2° Fourier transform
infrared (FTIR) spectroscopy was employed to confirm the structure of ESIONPs-PEG-
Ad. The band around 1650 cm™ is attributed to the amide bond derived from the
amidation reaction between the PFP-activated COOH group on ESIONPs and the
terminal amino group of PEG. Besides, the bands visible at 1108 cm™ and 2894 cm’!
are ascribed to C-O-C and C-H from PEG chain, respectively (Figure S1). Then,
ESIONPs-PEG-PSDM was obtained by the host-guest interaction using -CD-PSDM

and ESIONPs-PEG-Ad (Figure 1).



+ Amidation
reaction

B-CD-{NH,), PSDM B-CD-PSDM

', >

O + @ Sutece « @
modification

ESIONPs-PEG-PSDM |
T, contrast agent

e e e e ]

b S
i ESIONPs-PEG-PSDM
NH,-PEG-Ad  ESIONPs ESIONPs-PEG-Ad T, contrast agent
| Tumoracid Hydrophobic E
| ‘microenvironment interaction o ]
i Assembled

Blood vessel

s T T T pH:resBonsive Aggregi:ed- S Tu:nur ;egign
@ ® £ N ® &
’ @ @ ‘
Y @ @
) oy @ @
T, signal T, signal

Figure 1. Schematic illustration for the preparation of ESIONPs-PEG-PSDM as a pH-
responsive contrast agent and mechanism for switchable Ti/T> MRI in tumor acid

microenvironment.

The structure of ESIONPs-PEG-PSDM was again verified through FTIR
spectroscopy. As shown in Figure S2, the FTIR spectrum shows the characteristic peaks

of amide bond (CO-NH) at 1592 cm™!, and O=S=0 bonds at 1360 cm™, 1140 cm™' and



595 cm’!, confirming the introduction of PSDM.* Following the preparation and
characterization of the final complex, the pH-responsive aggregation properties of
ESIONPs-PEG-PSDM were investigated by transmission electron microscope (TEM)
and dynamic light scattering (DLS) in the neutral and weakly acid pH conditions.
Before the investigation of pH-responsive aggregation, the stability of ESIONPs-PEG-
PSDM in the aqueous solution was monitored. The hydrodynamic size remained
constant in PBS (pH = 7.4) and cell culture medium (pH = 7.4), showing good stability
of ESIONPs-PEG-PSDM (Figure S3). Following this evaluation, further investigations
about pH-responsive aggregation were implemented. As shown in Figure 2a, the TEM
image of ESIONPs-PEG-PSDM exhibits good dispersibility at pH = 7.4. When exposed
to weakly acid environment (pH = 6.5), the obvious aggregation happens and the
clusters of ESIONPs with big size can be clearly seen (Figure 2b). DLS characterization
was further used to confirm the pH-dependent aggregation of ESIONPs-PEG-PSDM.
The average hydrodynamic diameter of ESIONPs-PEG-PSDM is approximate 11 nm
at pH = 7.4, while it reaches up to 190 nm at pH = 6.5, confirming the property of acid-
responsive aggregation (Figure 2¢). The aggregates are found to be relatively stable
above certain concentration and less prone to disintegrate based on the hydrophobic
interaction of surface PSDM(Figure S4 and S5). In addition, the zeta potential of
ESIONPs-PEG-PSDM at pH = 7.4 and pH = 6.5 changed from -46.6 mV to -18.4 mV,
indicating that the aggregation occurred along with the deionization of sulfonamide
monomer units in the weakly acid condition (Figure S6). Moreover, as shown in the

inserted image of Figure 2c, the pH-induced aggregation behavior can be observed



through the change of solution turbidity. The solution of ESIONPs-PEG-PSM is clear
at pH = 7.4 and turns cloudy at pH = 6.5. Furthermore, the pH-induced aggregation
profile was monitored at various pH values by DLS. As shown in Figure S7, the
hydrodynamic size of ESIONPs-PEG-PSDM increases with the decrease of pH value,
and the change of size exhibits a significant transition between pH = 6.6 and pH = 6.8
(Figure 2d). The transverse relaxation time (T2) of ESIONPs-PEG-PSDM with an iron
concentration of 0.15 mM in a range of pH values was also recorded using a 0.5 T NMR
scanner at 35 °C, to investigate the transition point. The T value has a value around
320 ms at the pH range of 6.6-7.4 and then sharply drops to 145.8 ms at pH = 6.6, and
87 ms at pH 6.4. It is obvious that ESIONPs-PEG-PSDM shows a sharp conversion
from dispersed to aggregated situation based on the pH-responsive hydrophilic to
hydrophobic transition with the transition point occurring around pH = 6.7, as
previously reported.’® Besides, the T> value remained stable during 12 h at pH = 6.5,
implying that there is no cluster disassembly (Figure S8). Overall, the pH-responsive
morphological and hydrodynamic size changes, as well as the variation of T value
prove the conversion from dispersed ESIONPs to clustered particles under the weakly

acid condition.

10



(b)

30 4
C d) a00-
(©) —— ESIONPs-PEG-PSDM - pH = 7.4 ( ),. | —»— ESIONPs-PEG-PSDM |
—— ESIONPs-PEG-PSDM - pH = 6.5 g i
= /‘L-u._&.
E - T—p
= i= 300 [
5 5. \
g g \
— ﬁ 1
= 200
3 K \
£ 10 @
3 E 150 .\
2 g "
§ 1907 Ny ——e—e
=
n T T T !n T T T T T T T T
1 10 100 1000 74 T2 T0 68 66 64 62 6.0
Size (d.nm) pH

Figure 2. TEM images of ESIONPs-PEG-PSDM (a) at pH = 7.4 and (b) at pH = 6.5.
(¢) Hydrodynamic diameter distribution of ESIONPs-PEG-PSDM at pH = 7.4 and pH
= 6.5. (d) T» variation for ESIONPs-PEG-PSDM with an iron concentration of 0.15

mM at the pH range of 7.4-6.0.

Investigation on pH-responsive relaxation property of ESIONPs-PEG-PSDM.
To estimate the MRI signal switching performance, ESIONPs-PEG-PSDM was diluted
into a series of iron concentrations at pH = 7.4 and pH = 6.5 followed with the
measurement of relaxation time at 35 °C on a 0.5 T NMR scanner. The longitudinal and
transversal relaxivity (r; and r2) values under different pH conditions were calculated
by the slope plots. As shown in Figure 3a and 3b, the r; and r; values at pH = 7.4

correspond to 3.37 mM s and 8.72 mM-!s™!, respectively. Decreasing the pH to 6.5,
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the r1 value of ESIONPs-EPG-PSDM slightly decreases to 1.25 mM's!, while r2 value
shows a remarkable increase to 33.4 mM s, It is clear that ESIONPs-PEG-PSDM
reaches the high /1y ratio of 26.7 at pH = 6.5 compared with that of 2.58 at pH = 7.4,
indicating a clear conversion from a T; to T> contrast agent. Moreover, the relaxation
times were also measured at 35 °C on a 1.5 T NMR scanner. The r2/r1 ratio converts
from 7.24 to 22.42 when pH value is adjusted from 7.4 to 6.5, which also confirms the
switch from a T to T contrast agent (Figure S9).°!>* Additionally, the Ti and T»-
weighted magnetic resonance phantom images at different pH conditions (pH = 7.4 and
pH = 6.5) were collected on a 0.5 T NMR scanner to verify the switch of contrast agent
type (Figure 3c and 3d). For Ti-weighted imaging, the lightness of phantom image
improves with the increase of iron concentration at pH = 7.4. This typical concentration
dependent T effect indicates that ESIONPs-PEG-PSDM is a T contrast agent around
neutral pH conditions.'® At the same time, the lightness of T>-weighted images shows
negligible change with the increase of iron concentration. Moreover, T2-weighted image
at pH = 6.5 becomes darker with raising the iron concentration, demonstrating that T
contrast effect has been activated based on the pH-responsiveness. Therefore,
ESIONPs-PEG-PSDM with improved T2 contrast enhancement in a concentration-
dependent manner can be considered a typical T» contrast agent at pH = 6.5.%
Simultaneously, the lightness variation of T1-weighted images with the increase of iron
concentration can be ignored at pH = 6.5. The variation of the relaxivities and the
presentation of T and T2-weighted images at different pH confirm that ESIONPs-PEG-

PSDM can response to weakly acid environment changes and switch from a T contrast

12



agent to a T> one.

The mechanisms behind the Ti/T> switch for ESIONPs-PEG-PSDM can be
explained as follows. On the basis of Solomon-Bloembergen-Morgan (SBM) theory
and Freed theory, 11 is related to the contribution of water molecule in the inner sphere
and outer sphere.>* The influence of inner sphere on r; mainly arise from the number of
water molecules ¢ and their residence time 7, in the first coordination sphere, while
the important fact of outer sphere affecting r; is the diffusion correlation time of water
molecules 7, (detailed theoretical equations are provided in Supporting Information).
ESIONPs-PEG-PSDM is well dispersed with hydrophilic PEG and PSDM polymer
coated on the surface at pH 7.4, while it tends to aggregate at the weakly acid condition
following the decrease of r1.*!*** For the contribution from inner sphere, the change of
r1 1s derived from the lower surface/volume ratio of nanoparticles after aggregation
leading to the decrease of hydration number of surface Fe*" ions on ESIONPs. In the
case of the influence from outer sphere, with the lower water permeability of polymer
shell after aggregation, the approach of water molecules to iron oxide surface is
impeded, resulting in higher 7, in outer sphere, which also decreases ri. On the other
hand, the main determining parameters for r, are saturation magnetization M, and
impermeable layer around superparamagnetic core L (detailed theoretical equations are
provided in SI).>> Both M, and L will increase with the aggregation of ESIONPs after
exposure to the weakly acid environment, which leads to the enhancement of . In
summary, the decrease of 1 and the increase of r; after the pH-responsive aggregation

contribute to the conversion from T; to T contrast effect.
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Figure 3. Plots of (a) inverse longitudinal relaxation time (1/Ti) and (b) inverse
transverse relaxation time (1/T>) as a function of iron concentration for ESIONPs-PEG-

PSDM at pH = 7.4 and pH = 6.5. (c) T1-weighted and (d) T2-weighted phantom images

of ESIONPs-PEG-PSDM at various iron concentrations, at pH = 7.4 and pH = 6.5.

Confirmation of Ti/T2 switchable MRI contrast on tumor-bearing mice. To
investigate the tunable MRI contrast effect, a tumor-bearing mice model was
established and ESIONPs-PEG-PSDM with an iron dose of 0.1 mmol/kg was
intravenously injected. The Ti-weighted and T>-weighted MR images were recorded on
a 1.5 T scanner at various time points. As shown in the Figure 4a, the lightness of T;-
weighted MR images located at the tumor region improves slightly at the time points
of 2 h and 4 h, and there is a clear decrease of brightness at 6 h, which may be ascribed
to the reduced T contrast effect after the gradual aggregation of ESIONPs. For T»-
weighted MR images of ESIONPs-PEG-PSDM, the lightness at tumor location

becomes darker with the increase of time, meaning that the T>» MRI contrast has been
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activated. At the time point of 6 h, the T> signal intensity is visibly enhanced with the
low background signal, revealing the Ti/T> switch of ESIONPs-PEG-PSDM is
beneficial for the accurate tumor diagnosis. Besides, the aggregated clusters can be
clearly seen from the TEM images of tumor tissues after the intravenous injection of
ESIONPs-PEG-PSDM, implying the formation of clustered ESIONPs and the
activation of T» MRI signal (Figure 5). To quantitatively evaluate the contrast
enhancement, the signal intensity ratio of the tumor site was analyzed by ImagelJ
software. For the signal intensity ratio of Ti-weighted MR images, the ratio value is
113.6 +£ 1.2% at 6 h and the T contrast signal is barely enhanced, regardless of the
slightly increase to around 126% at 2 h which may be ascribed to the gradual T1/T>
switch (Figure 4b). Furthermore, as shown in Figure 4c, the T contrast signal is
obviously improved at 6 h according to the large decrease of signal intensity ratio (56.4
+ 2.7%), which further confirms that ESIONPs-PEG-PSDM with pH-responsiveness
can aggregate at the tumor location and convert to a T2 contrast agent. Moreover, to
better understand the quantitative distribution of the nanoparticles during imaging, the
accumulated amount in main organs and tumors at 6 h after intravenous injection were
investigated based on the inductively coupled plasma atomic emission spectrometer
(ICP-OES) measurements. As shown in Figure S10, the accumulated content in the
tumor tissue is about 29.4 + 9.7 %ID/g. At the same time, the accumulated amounts in
reticuloendothelial system organs, including liver and spleen, are comparable to those
in tumor tissue, similarly to the results in the published literatures.>® Additionally,

ESIONPs-PEG-PSDM was directly injected into the tumor and into a muscle tissue to
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further investigate the signal switch based on the pH-responsiveness (Figure S11). After
intra-tumor injection, the T>-weighted image exhibits a significant darkened signal at
the tumor region, while that of muscle-injected group presents oppositely a brightened
signal at the tissue location. The different phenomenon is contributed to the pH-induced
Ti/T2 switch of ESIONPs-PEG-PSDM.>’ After 24 h injection, the T contrast
enhancement is negligible, while T> signal is slightly enhanced as the lightness at tumor
site is decreased (Figure S12). Overall, pH-responsive ESIONPs-PEG-PSDM are able
switch from a Ty to T contrast and to enhance the T> contrast effect at the tumor acid

environment.
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Figure 4. (a) Ti-weighted and T>-weighted MR images of tumor-bearing mice before

and after intravenously injection with ESIONPs-PEG-PSDM at an iron dose of 0.1
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mmol/kg. The red dashed circles indicate the tumor region. Quantitative analysis of
signal intensity ratio of (b) T1-weighted and (c) T>-weighted MR images at various time
points. The signal intensity ratio was calculated based on the scale of the gray values
obtained using Image J. The signal intensity (SI) ratio of the tumor region was

calculated by SI post-injection/SI pre-injection.

Figure 5. TEM images of tumor tissues obtained from mice injected with ESIONPs-
PEG-PSDM. ESIONPs-PEG-PSDM was intravenously into mice at an iron dose of 0.1

mmol/kg and sacrificed at 6 h. Red arrows indicate the aggregation of ESIONPs.

Biosafety and biodistribution of ESIONPs-PEG-PSDM. The biocompatibility is
of great importance for the construction of potential CAs for clinical application. To
evaluate the biosafety and biocompatibility, cytotoxicity and tissue toxicity assays were
performed. ESIONPs-PEG-PSDM sample with a series of iron concentration were
incubated with human umbilical vein endothelial cells (HUVEC) and 4T1 mouse breast
cancer cells for 24 h, respectively, and then cell viability of each group was obtained

by WST test. As shown in Figure 6, the viability values of HUVEC cells are all higher

17



than 90%. Even when the iron concentration is as high as 2 mM, the proportion of
viable cell is 97.5 £ 4.6 %. Similarly, the cell viability values of 4T1 cells after
incubation for 24 h are all above 90%, and the value is 94.8 =+ 2.3 % at an iron

concentration of 2 mM, showing the negligible cytotoxicity of ESIONPs-PEG-PSDM.
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Figure 6. Cell viability of (a) HUVEC and (b) 4T1 cells after incubated with ESIONPs-
PEG-PSDM at various iron concentrations for 24 h.

Moreover, after the intravenous injection of ESIONPs-PEG-PSDM at an iron dose
of 0.1 mmol/kg, mice were sacrificed and the main organs (heart, liver, spleen, lung,
kidney and tumor) were collected for histological assessment (Figure 7). Compared
with blank group that underwent an intravenous injection of physiological saline, there
are no necrosis, inflammation or any other adverse influence of the nanoparticles in the
hematoxylin-eosin (H&E) staining images of ESIONPs-PEG-PSDM treated group.
Overall, the results of cytotoxicity and tissue toxicity tests indicate that ESIONPs-PEG-
PSDM is endowed of a favorable biocompatibility and has great potential for the

biomedical application.
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Figure 7. H&E staining images of heart, liver, spleen, lung, kidney and tumor. The mice
were intravenously injected with ESIONPs-PEG-PSDM at an iron dose of 0.1 mmol/kg
and sacrificed at 72 h. The mice intravenously injected with physiological saline served
as blank group. The scale bar is 100 um.

In addition, mice were sacrificed after 7 days and 14 days after intravenous injection
of ESIONPs-PEG-PSDM at an iron dose of 0.1 mmol/kg and the main organ tissues
were collected to analyze the biodistribution of the material. Figure 8 shows that the
majority of the iron ion are accumulated into spleen, with an iron content of 13.2 =+
6.1 %ID/g at the time point of 7 days. A few other iron ions are concentrated in the
heart, liver and kidney tissues. After injection for 14 days, the content of iron ion into
spleen decreases to 1.4 = 1.1 %ID/g, implying that the iron ions in the main organs are
eventually cleared out of the organ. In a whole, the biosafety and biodistribution
characterization demonstrate ESIONPs-PEG-PSDM is a potential contrast agent with

favorable biological security.
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Figure 8. Biodistribution of ESIONPs-PEG-PSDM at the time point of 7 days and 14
days after intravenously injected with ESIONPs-PEG-PSDM at an iron dose of 0.1

mmol/kg.

3. CONCLUSION

In summary, we designed and constructed a pH-responsive contrast agent ESIONPs-
PEG-PSDM that can respond to tumor acid environment, tuning the T: and T
relaxation properties based on conjugating pH-sensitive PSDM polymer onto the
surface of ESIONPs via host-guest interaction. The dispersed ESIONPs-PEG-PSDM
with extremely small size acts as T contrast agent in the neutral environment. While in
response to the acid environment, the surface PSDM polymer transforms from
hydrophilic to hydrophobic and the ESIONPs aggregate to clusters, resulting in the
switch to a T> contrast agent. Moreover, the T1/T> signal switchable property was also
verified in the tumor region. Finally, ESIONPs-PEG-PSDM, equipped with favorable

biocompatibility and sensitive responsiveness, can selectively activate T>» MRI contrast
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effect at the tumor site and may provide a promising platform for an accurate diagnosis

of tumors.

4. EXPERIMENTAL SECTION

Materials and Characterizations. Dichloromethane (DCM, Sinopharm) was dried
overnight with CaH and distilled before use. Pentafluorophenol, trifluoroacetic acid
(TFA), methacryloyl chloride, succinic anhydride and 1-amantadine were purchased
form Adamas-beta. N,N-Diisopropylethylamine (DIPEA), sulfadimethoxine and 2,2'-
azobis(isobutyronitrile) (AIBN) were supplied by TCIL. N,N'-dicyclohexylcarbodiimide
(DCC) was obtained from J&K Chemical Reagent Company. 4-Cyano-4-
(thiobenzoylthio) pentanoic acid (CTP) was purchased from Energy Chmeical. All-
amino B-CD was supplied by Shandong Binzhou Zhiyuan Bio-Technology Co., Ltd.
NH»2-PEG-Boc (average Mn = 2000) was purchased from Ponsure Biotechnology.
Other reagents were obtained from Sinopharm. 4-((adamantan-1-yl)amino)-4-
oxobutanoic acid (Ad-COOH) was synthesized by the method previously reported in
the literature and the chemical structure was confirmed by the 'H NMR spectrum

(Figure S13).>® ESIONPs-PFP was prepared according to our previous publication.?

All 'H nuclear magnetic resonance (NMR) spectra data were obtained from a 400
MHz NMR spectrometer (Varian). Fourier transform infrared (FTIR) spectra were
recorded on an FTIR spectrometer (Thermo Fisher). The weight-average molecular
weight (My) and number-average molecular weight (M,) of polymer were obtained

from the gel permeation chromatography (GPC) system with dimethyl sulfoxide
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(DMSO) as the eluent. Iron concentrations were determined by an inductively coupled
plasma atomic emission spectrometer (ICP-OES, Thermo Fisher). Dynamic light
scattering (DLS, Malvern Instruments) were used to provide the hydrodynamic size.
Transmission electron microscope (TEM) images were collected by a TEM equipment
(120 kV, Hitachi-HT7700). The relaxation times were monitored on a 0.5 T NMR
scanner (Shanghai Huantong Science and Education Equipment Co., Ltd, GY-PNMR-
10). In vivo MRI was acquired on a 1.5 T scanner (Shanghai Huantong Science and
Education Equipment Co., Ltd, HT-MRSI60-35A). WST assay was employed to detect

the cytotoxicity of cells (Biotek citation 3).

Synthesis of the pH-responsive polymer PSDM-COOH. The methacryloyl
sulfadimethoxine was synthesized according to a published protocol.’® Briefly,
sulfadimethoxine (15 g, 48.4 mmol) was dissolved in 100 mL mixture of 0.25 M NaOH
and acetone (1:1), followed by addition dropwise of methacryloyl chloride (4.84 mL,
50.3 mmol) in an ice bath. The reaction mixture was stirred for 2 h and the precipitation
was collected by filtration. After washing with deionized water, the purified solid was
recrystallized in methanol. The white product methacryloyl sulfadimethoxine was dried
under vacuum oven overnight and the chemical structure was confirmed by the 'H
NMR spectrum (Figure S14). 'TH-NMR (DMSO-d6): 11.5 (1H, -SO»-NH-), 10.2 (1H, -
CO-NH-), 7.9 (4H, aromatic group), 6.0-5.8 (2H, -CH3-C(CH»)-), 5.6 (1H, 2-

pyrimidine), 3.8-3.7 (6H, CH3-0-), 1.96 (3H, CH3-C(CHo)-).

PSDM-COOH was synthesized through RAFT polymerization.*! The methacryloyl

sulfadimethoxine (4.42 g, 1.89 mmol), CTP (21.78 mg, 0.078 mmol) and AIBN (4.4

22



mg, 0.027 mmol) were dissolved in 10 mL DMSO in a Schlenk flask. After degassing
with three freeze-pump-thaw cycles, the reaction temperature was raised to 70 °C and
stirred under argon atmosphere for 24 h. After this step, the solution was poured into
cold diethyl ether and the precipitation was wash with diethyl ether for three times. The
"H NMR spectrum of COOH-PSDM was shown in the Figure S15. 'TH-NMR (DMSO-
do6): 11.5 (1H, -SO2-NH-), 9.5 (1H, -Ph-NH-), 8.0-7.5 (4H, aromatic group), 5.9 (1H,

2-pyrimidine), 4.0-3.5 (6H, CH3-O-).

Synthesis of polysulfadimethoxine-modified p-CD (B-CD-PSDM). The B-CD-
PSDM was synthesized through an amidation reaction. PSDM-COOH (400 mg, 0.17
mmol), amino B-CD (10.14 mg, 0.10 mmol), 1-hydroxybenzotriazole (9.35 mg, 0.07
mmol) and DCC (14.26 mg, 0.07 mmol) were dissolved in 20 mL DMF and reacted at
room temperature for 24 h. The residue was removed by filtration and the solution was
dropped into diethyl ether to obtain white solid. The precipitation was dissolved in a
NaOH aqueous solution (pH = 8.0) and dialyzed (MWCO: 7000 Da) against water
(adjusted to pH = 8.0 with 1 M NaOH) for 3 days. Finally, the product was achieved by
lyophilization and the successful conjugation of PSDM-COOH to amino B-CD was

confirmed by GPC (Figure S16).

Synthesis of pentafluorophenyl 4-((adamantan-1-yl)amino)-4-oxobutanonate
(Ad-PFP). Ad-COOH (2.0 g, 7.96 mmol) and pentafluorophenol (1.47 g, 9.54 mmol)
were dissolved in 50 mL 1,4-dioxane. Then, DCC (2.0 g, 9.70 mmol) in 10 mL 1,4-
dioxane was dropped into the Ad-COOH solution and stirred under argon atmosphere

at room temperature overnight. The reaction mixture was filtered and the solution was
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removed by a rotary evaporator. The final product was obtained through column
chromatography using a silica column with DCM as eluant. The chemical structure of
Ad-PFP was confirmed by the 'H NMR spectrum (Figure S17). 'H-NMR (CDCls): 5.3
(1H,Ad-NH-), 3.0 (2H, -NHCO-CHz-CH>-), 2.6 (2H, -NHCO-CH>- CH»-), 2.2-1.9 (9H,

adamantane), 1.4 (6H, 1-cyclohecane).

Synthesis of Ad-PEG-NHz. NH>-PEG-Boc (500 mg, 0.25 mmol) and Ad-PFP (200
mg, 0.46 mmol) were dissolved in 15 mL DCM, followed by addition of DIPEA (436
pL, 2.5 mmol). The reaction mixture was stirred at room temperature under nitrogen
atmosphere for 24 h and precipitated in diethyl ether. The white product was dried under
vacuum oven. Afterwards, Ad-PEG-Boc (450 mg, 0.22 mmol) and TFA (5 ml, 65.30
mmol) were stirred in 10 mL DCM in an ice bath for 2 h. The solution was dropped
into diethyl ether to obtain precipitation. The final product was dried under vauum oven
and the "H NMR spectra of Ad-PEG-Boc and Ad-PEG-NH; were shown in the Figure
S18 and S19. '"H-NMR (CDCl3): 3.8-3.5 (-(CH>CH>0)-), 2.2-2.0 (9H, adamantane),

1.7 (6H, 1-cyclohecane), 1.5 (9H, -C(CH5)3).

Preparation of ESIONPs-PEG-Ad. Ad-PEG-NH; (200 mg, 0.10 mmol) and 30 mg
ESIONPs-PFP were dissolved in 30 mL DCM. ! Then, DIPEA (436 uL, 2.5 mmol) was
added into the reaction mixture and stirred at room temperature for 24 h. After reaction,
the solution was poured into pure diethyl ether, the ESIONPs-PEG-Ad was collected

by centrifugation and dissolved in deionized water for later use.

Host-Guest Assembly of ESIONPs-PEG-PSDM. The ESIONPs-PEG-PSDM was
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prepared through host-guest interaction. One hundred mg PSDM-COOH and 20 mg
ESIONPs-PEG-Ad were dissolved in NaOH aqueous solution (pH = 8.0) and stirred at
room temperature overnight. The reaction mixture was dialyzed (MWCO: 35000 Da)
against water (adjusted to pH = 8.0 with 1 M NaOH) for 3 days. The final product was

achieved by lyophilization.

Characterization of pH-induced aggregation property. The pH-dependent
responsiveness of ESIONPs-PEG-PSDM was investigated by TEM and DLS.
ESIONPs-PEG-PSDM was dispersed in 0.1 M PBS (phosphate-buffered saline) at pH
= 7.4 and pH = 6.5 with an iron concentration of 1 mM. The morphologies of the
assembled and disassembled nanoparticles were observed by TEM. In parallel,
ESIONPs-PEG-PSDM was dispersed in 0.1 M PBS at pH = 7.4 and pH = 6.5 with an
iron concentration of 0.5 mM and the size distribution of each sample was obtained by
DLS instrument. In addition, ESIONPs-PEG-PSDM was diluted in PBS at various pH
values (6;0-7.4), then the hydrodynamic size and T» value were acquired on a DLS
instrument and a 0.5 T NMR scanner, respectively. For the measurements of T
relaxation time, Carr Purcell Meiboom Gill (CPMG) method (non-gated sequence,

number of echoes TE =334 ms, TR = 2000 ms and NS = 1) were employed.

Measurement of T:1 and T2 relaxation time. The T; and T> relaxation time of
ESIONPs-PEG-PSDM in PBS at pH = 7.4 and pH = 6.5 with various iron
concentrations were recorded on a 0.5 T and 1.5 T NMR scanner maintaining the
temperature at 35 °C. For the measurements of T and T, relaxation time, inversion

recovery and Carr Purcell Meiboom Gill (CPMG) method were respectively employed.
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The 11 and r» were calculated from the plots of curve-fitting results of the inverse
relaxation time and iron concentration. Moreover, the Ti-weighted and T>-weighted
MRI phantom images of ESIONPs-PEG-PSDM in PBS at pH = 7.4 and pH = 6.5 with
various iron concentrations were observed on a 0.5 T NMR scanner. The parameters of
Ti-weighted MRI were set as follows: echo time (TE) = 134 ms, repetition time (TR)
= 500 ms, number of scans (NS) = 1. The parameters of T>-weighted MRI were set as

follows: TE =334 ms, TR = 2000 ms and NS = 1.

In vivo MRI study of Ti/T2 switchable ESIONPs-PEG-PSDM. Tumor-bearing
mice were observed before injection to obtain pre-injection Ti-weighted and To-
weighted MR images. After that, ESIONPs-PEG-PSDM was intravenously injected
into tumor-bearing mice at an iron dose of 0.1 mmol/kg. The Ti-weighted and T»-
weighted MR images were monitored at the time points of 2 h, 4 h and 6 h. The detailed

procedures are shown in the Supporting Information.

Biocompatibility assay. WST assay was employed to evaluate the cytotoxicity of
ESIONPs-PEG-PSDM. Briefly, ESIONPs-PEG-PSDM at various iron concentrations
was incubated with 4T1 cells and human umbilical vein endothelial cells (HUVEC) for
24 h. The cell viability was calculated based on the WST assay. The details are shown
in the Supporting Information. Besides, ESIONPs-PEG-PSDM was intravenously
injected into mice at an iron dose of 0.1 mmol/kg. The mice were sacrificed after
injected for 72 h and the main organ tissues were achieved for hematoxylin-eosin (H&E)
staining images. Moreover, mice were injected with ESIONPs-PEG-PSDM and

sacrificed after 7 days and 14 days to analyzed the biodistribution in vivo. The details
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are shown in the Supporting Information.
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