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ARTICLE INFO ABSTRACT

Keywords: Phenol contains an exchangeable hydroxyl proton resonant at 4.8 ppm from the resonance frequency of water in
Acid phosphatase the 'H nuclear magnetic resonance (‘*H NMR) spectrum, enabling itself to be detected at sub-mM concentration
Phenol by either chemical exchange saturation transfer magnetic resonance imaging (CEST MRI) or exchange-based T,
CEST MRI relaxation enhancement (T,) effect under acidic and basic conditions, respectively. We recently investigated
i?jiilseor the T, effects of phenol and its derivatives, but the CEST characteristics of phenols are unknown in detail, and

no study on using the natural CEST MRI effects of phenol for detecting enzymatic activity has been conducted.
Herein, on the basis of the inherent CEST MR property of phenol, namely phenolCEST, we developed the first
MRI approach to detect acid phosphatase (AcP) enzymatic activity. Upon the activity of AcP at pH = 5.0, non-
CEST-detectable enzyme substrate phenyl phosphate was converted to CEST-detectable phenol, providing a
simple way to quantify AcP activity directly without the need for a second signalling probe. We showed the
application of this phenolCEST biosensor for measuring AcP activity in both enzyme solutions and cell lysates of
prostate cells. This work opens a door for the utilization of phenolCEST MRI technique in sensor design and

Prostate cells

development.

1. Introduction

Acid phosphatases (AcPs) are a family of enzymes that are com-
monly found in plants and human tissues, like platelets, liver, and
prostate (Bull et al., 2002). Of these, prostatic acid phosphatase (PAcP)
is over 100 times more abundant than AcPs in other tissue types (Heller,
1987). PAcP was used as a clinical biomarker for prostate cancer long
before the discovery of prostate specific membrane antigen, but some
studies re-assessed its value to be a prognostic indicator for inter-
mediate- or high-risk prostate cancer (Dattoli et al., 1999; Saito et al.,
2007; Taira et al., 2007). The human PAcP gene encodes for three
protein isoforms, i.e. cellular PAcP, secretory PAcP, and transmem-
brane PAcP (Muniyan et al., 2014). The clinical assay for AcP in serum
relies on the level of secretory PAcP. Recently, methods for AcP de-
tection are developed on the basis of colorimetry and fluorometry due

to high sensitivity and low cost (Deng et al., 2017; Guo et al., 2013;
Huang et al., 2016; Lu et al., 2007; Qian et al., 2015; Sun et al., 2015;
Xie et al., 2012; Xu et al., 2014). Among these, the Kind-King method is
the most widely used one, which indirectly detects the converted
phenol from substrate phenyl phosphate using a chromogenic reaction
(Kolliopoulos et al., 2015). On the other hand, however, we noticed
that a unique magnetic resonance imaging (MRI) method was devel-
oped for the detection of alkaline phosphatase (ALP) at pH=7.4 with
the use of fosfosal (a phosphorylated form of salicylic acid) (Daryaei
et al., 2016). This approach, namely CatalyCEST, adopts a relatively
new MRI technique that detects the activity of an enzyme by observing
the changes in the chemical exchange saturation transfer (CEST) signal
as the result of the change in the chemical structure of a CEST biosensor
catalyzed by the enzyme (Hingorani et al., 2013; Sinharay et al. 2016,
2018).
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Fig. 1. (A) Principles for the chemical exchange saturation transfer using
phenol as the model molecule. The phenolic hydroxyl proton is selectively sa-
turated at its resonance frequency by RF pulse, and this magnetization sa-
turation is transferred to water protons repetitively, resulting in the visible loss
of water signal in the proton spectrum. Saturation is normalized (Ss,/So) as a
function of irradiation frequency, generating a so-called CEST spectrum (or Z-
spectrum). Direct water saturation at 4.75 ppm causes the disappearance of the
signal, and this frequency is assigned to 0 ppm in Z-spectra (Modified from (van
Zijl and Yadav, 2011). (B) Acid phosphatase catalyzes the hydrolysis of phenyl
phosphate to release the phosphate group and phenol under acidic pH.

CEST MRI is an imaging method that relies on direct chemical ex-
change of protons with bulk water. A number of small molecules pos-
sessing protons that exchange rapidly with surrounding water protons
has been developed as CEST MRI contrast agents (Cai et al., 2012; Chan
et al., 2012; Li et al., 2016; Liu et al., 2016a; Longo et al., 2011; Ryoo
et al., 2017; Yang et al., 2013). The CEST contrast mechanism involves
selective irradiation of those exchangeable protons at their resonance
frequencies using a radiofrequency (RF) saturation pulse, which after
repetitive exchange of the saturated protons with fresh water protons
on the MR time scale (at several seconds), reduces the MRI signal of
water consequently (Fig. 1A). This loss of bulk water signal is typically
demonstrated by a CEST spectrum (or Z-spectrum), and the frequency
corresponding to the water protons at 4.75 ppm is assigned to 0 ppm in
Z-spectra. To quantify the CEST effect, the asymmetric magnetization
transfer ratio (MTR yoym = Seat 2°/80 — Sear TA%/S0) is used (van Zijl and
Yadav, 2011). One of the most remarkable features for CEST MRI is that
it can be used to detect diamagnetic molecules at sub-mM concentra-
tions without the need for metal labelling.

Phenol is an important building block molecule to the syntheses of
many biologically active compounds. We recently showed that phenol
and its derivatives could be directly detected through the inherently
carried exchangeable hydroxyl protons, depending on pH and tem-
perature, either via enhancement of transverse relaxation rate (T5) due
to -OH exchange or CEST MRI (Zhang et al., 2018b). In particular, the
phenolic hydroxyl proton has a chemical shift 4.8 ppm apart from the
resonance frequency of water (Fig. S1). When pH = 6.5, the phenolic
proton exchange rate surpasses the slow-to-intermediate regime needed
for CEST contrast, while it generates a detectable decrease in water T,
relaxation time (known as the T, effect) (Aime et al., 2005; Soesbe
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etal.,, 2011; Yadav et al., 2014). The exchange rate slows down at lower
pH (i.e., pH =< 6.0), allowing the detection of phenol by CEST MRI.
Given the optimal pH for AcP to function is at pH = 5.0-5.3 (Kruzel and
Morawiecka, 1982), we hypothesized that the inherent CEST signal of
phenol could be used to determine the activity of AcP under acidic
conditions by using phenyl phosphate as the probe (Fig. 1B).

2. Experimental section
2.1. Chemicals

Acid phosphatase from potato (P3752, 0.5~ 3 units/mg), alkaline
phosphatase from porcine kidney (P4439, 100 unit), and sodium phenyl
phosphate dibasic dihydrate (P7751) were purchased from Sigma (St.
Louis, MO, USA). Phenol and disodium 4-nitrophenyl phosphate were
purchased from Combi-Blocks (San Diego, CA, USA). Unless otherwise
specified, all reagents were of analytical grade and used directly
without purification.

2.2. CEST MRI

All sample were loaded into 1 mm-diameter glass capillaries and
then placed in a customized holder for MRI measurements on a 9.4 T
Bruker Avance system equipped with a 20 mm birdcage RF coil. All
measurements were performed at 37 °C. CEST-weighted images were
acquired using a modified single slice rapid acquisition with relaxation
enhancement (RARE) sequence as described previously (Liu et al.,
2017), with By = 5.9 uT, tg, = 4s, TR = 65, effective TE = 43.2 ms,
RARE factor = 32, slice thickness = 2 mm, matrix size = 64 X 64, re-
solution = 0.25 % 0.25 mm?, and two averages. To obtain the Z-spectra,
the saturation offsets of CEST-weighted images were swept from -6 to
6 ppm at an increment of 0.2 ppm around the water resonance (0 ppm).
The absolute water resonant frequency shift was measured using a
WAter Saturation Shift Reference (WASSR) method modified with
Lorentzian analysis (Liu et al., 2013).

Data processing was performed using custom-written scripts in
MATLAB (Mathworks, Waltham, MA). MTR sy, Was used to quantify
the CEST signal by removing direct saturation effects from the acquired
Z-spectrum that are assumed to be symmetric with respect to the water
resonance frequency. MTR,sym is defined as MTRuqym = (Ssat™® -
Sat T249)/S,, where Sq[-Aw, +Aw] is the water signal intensity in the
presence of a saturation pulse at frequency offsets + Aw, and S is water
signal intensity in the absence of a saturation pulse.

2.3. Estimation of exchange rate of the phenolic hydroxyl proton

The exchange rate of the phenolic hydroxyl proton at pH = 5.0 was
measured using the modified QUantifying Exchange using Saturation
Time (QUEST) method (Liu et al., 2011; McMahon et al., 2006). In
brief, the CEST contrast for 20 mM phenol was measured with satura-
tion delays of 0.5, 1, 2, 3, 4, and 55, using a saturation field strength of
5.9uT and a repetition time set to 10s, based on the RARE imaging
sequence described above. Calculated MTR,sym values were then fitted
using numerical solutions to the Bloch-McConnel equations with an
exchange rate (key) as the unknown. The water T; and T, values were
experimentally determined using the RARE-based saturation recovery
sequence and the CPMG multi-echo spin echo sequence, respectively
(Zhang et al. 2018a, 2018b).

2.4. Contrast-to-noise ratio (CNR)

The CNR was calculated by using the equation below:

CNR = (ssample - Sbuffer) / Obuffer

where Sgample and Spuser are signal intensities of sample and buffer and
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Obutfer 1S the standard deviation of signal intensity of buffer.
2.5. Analysis of enzyme kinetics

At 37 °C in acetate buffer (pH 5.0, 10 mM, containing 10 mM
Mg?*), 0.1 mg/mL of AcP (molecular mass: 69 kDa) was incubated
with increasing concentrations of phenyl phosphate (PP) ranging from
2 to 15 mM for 5 min. The reaction was halted by freezing the samples,
after which CEST MRI was measured at pH = 5.0 and 37 °C, using a 5.9
uT/4 s RF saturation pulse. We assumed that the conversion of PP was
linearly correlated with time over this time frame. The correlation of
reaction velocity with the concentration of substrate can be fitted by the
Michaelis-Menten model, based on which the Michaelis constant (Ky;)
and the maximum rate (V,.,) were obtained. The k., was calculated
from the Vy,a/[AcP], where [AcP] was measured to be 1.5 uM.

2.6. Quantification of AcP enzyme concentration in cell lysates by the
standard addition method

Human prostate cell lines including normal RWPE-1 and cancerous
DU 145 were purchased from the American Type Culture Collection
(Rockville, MD, USA). RWPE-1 cells were cultured in Keratinocyte
Serum Free Medium (KSFM) containing 0.05 mg/mL bovine pituitary
extract and 5ng/mL epidermal growth factor. DU 145 cells were cul-
tured in Eagle's Minimum Essential Medium (EMEM) containing 10%
fetal bovine serum and penicillin-streptomycin. 1x10° cells were
treated with 0.1 mL of lysis solution (mammalian protein extraction
reagent, mPER, Thermo Scientific), and stored at 4 °C for 1 h.
Afterwards, the pH of solution was titrated to 5.0, and the insoluble
debris was cleared through centrifugation, leaving AcP enzyme in the
supernatant. For the standard addition method, each 10 mM PP was
mixed with cell lysate (15 pL for RWPE-1 and 10 pL for DU 145), cell
lysate + 0.015 mg mL™ AcP, and cell lysate + 0.03 mg mL"' AcP in
acetate buffer (pH = 5.0, final volume: 400 uL) and incubated at 37 °C
for 1h, followed by CEST measurement at 37 °C and pH = 5.0, using a
5.9 uT/4 s RF saturation pulse. Cell lysate alone in acetate buffer was
used as control. For the quantification, AMTR sy Was used and defined
as MTRygym(cell lysate + PP) — MTRygym(cell lysate) or MTR eym(cell
lysate + AcP + PP) — MTR,sym(cell lysate).

3. Results and discussion
3.1. Characterization of phenolCEST for assessing AcP activity

We first characterized the CEST contrast signal of phenol
(phenolCEST) at 37 °C and pH = 5.0 in 10 mM acetate buffer at 9.4 T
magnetic field strength. A well-defined CEST peak was observed at
4.8 ppm (Fig. 2A), with proton exchange rate estimated to be 940 Hz
using the QUEST method (Fig. S2). This rate is below the chemical shift
difference at 9.4 T (Aw = 1920 Hz), placing it in the slow exchange MR
regime and making phenol suited for CEST imaging at this acidic pH. In
fact, the phenolCEST signal kept almost the same at pH between 5.0
and 6.0 at 37 °C (Fig. S3). The magnitude of CEST contrast for 10 mM
phenol was measured to be 11.3 = 0.1% using a 5.9 pT/4 s continuous
wave (CW) RF pulse. Given the concentration of water protons is about
110M, CEST MRI provides an amplification of the NMR signal of
phenol proton by > 1,200 times (110M x 0.113/10 mM = 1243).
The amplitude of CEST contrast depended strongly on the saturation
power (B;) of the RF pulse, increasing steadily with the B; from 1.2 to
5.9 uT, where a plateau was attained (Fig. 2B). At B; = 5.9uT, we
measured the CEST contrast of phenol as a function of concentration
from 2 to 10 mM. As shown in Fig. 2C, we obtained a good linear
correlation of the CEST signal with phenol concentration (R%2=0.998),
thereby allowing the use of CEST measures to determine concentration
of phenol by the following equation:
Cphenol(MM) = MTR,4ym(4.8 ppm)%/1.143.  Under the  present
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Fig. 2. Characterization of phenolCEST in the detection of acid phosphatase
activity in 10 mM acetate buffer at pHcgst = 5.0 and 37 °C (By = 9.4 T). (A) Z-
spectrum and corresponding MTR sy, spectrum of 10 mM phenol. (B) MTRgym
contrast at 4.8 ppm for 10 mM phenol as a function of saturation power (B,),
using a saturation time of 4s. (C) MTR,sym contrast at 4.8 ppm for different
concentrations of phenol and the fitted calibration curve. The inset shows the
pseudo-colored MTRgyr, map at 4.8 ppm, with phenol concentration at 0, 2, 4,
6, 8, and 10 mM, respectively, from left to right. (D) MTR,sym spectra of PP
(10 mM), AcP (0.1 mg mL™"), and the solution after enzymatic reaction for 1 h.
Note: for figures A, C, and D, a 5.9 uT/4s RF saturation pulse was used; for
figures B and C, data are shown as mean + SD (n=3).

conditions, 2mM phenol produced a CEST contrast of 2.4% and a
contrast-to-noise ratio (CNR) of 27, implying a sub-mM detectability for
the in vitro studies.

To make use of the phenolCEST to detect AcP activity, we incubated
10 mM phenyl phosphate (PP) with 0.1 mg mL™? of AcP in acetate buffer
(10 mM, pHeae = 5.0, containing 10 mM MgCl, to stimulate AcP ac-
tivity) at 37 °C for 1h. Immediately after reaction, the samples were
transferred to capillaries (Liu et al., 2010) and measured for the CEST
MRI signal at the same conditions (pHcest = 5.0 and 37 °C). There are
two pH conditions in the measurement. To minimize the confusion, we
define the pH for the enzymatic reaction as pHye,c, and the pH for CEST
measurement as pHcgst. As shown in Fig. 2D, neither the substrate nor
the enzyme alone showed an appreciable CEST signal. In contrast, the
incubated sample exhibited a strong CEST signal peaked at 4.8 ppm
(MTR5ym = 10%), corresponding to 8.7 mM phenol that was produced.

3.2. Optimization of parameters to detect AcP activity by phenolCEST:
effect of enzymatic reaction time and pH,eq.

We then studied the enzyme kinetics of AcP using phenolCEST. We
measured the dynamic CEST signals of 10 mM PP + AcP in the pre-
sence of three individual enzyme concentrations from 5 min to 4 h. At
each time point, solutions were immediately transferred from water
bath to refrigerator to retard the enzymatic reaction. The CEST signals
of all samples were then measured at pHeggsy = 5.0 = 0.1 and 37 °C
using a 5.9 uT/4 s RF saturation pulse. Fig. 3A shows noticeable CEST
contrast of phenol as early as 5 min even for 0.025 mg mL" of enzyme.
The generated contrasts correlated positively with the enzyme con-
centration, attaining 60% (0.025 mg mL’l), 74% (0.05mg mL'l), and
82% (0.1 mg mL?Y), respectively, after reaction for 1h relative to the
values obtained at 4 h. The most rapid kinetic changes were observed
within the first 5min for all three enzyme concentrations, and corre-
lated with the enzyme concentration positively. The concentration of
converted phenol at each time point could be calculated using the ca-
libration curve of phenol (Fig. 2C) in order to provide an estimate of the
conversion ratio, as shown in Fig. 3B. It shows that 6.8%, 23%, and
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Fig. 3. Quantification of AcP activity by phenolCEST in 10 mM acetate buffer at
PHcest = 5.0 and 37 °C, using a 5.9 puT/4 s RF saturation pulse (By = 9.4 T). (A)
CEST contrast and (B) the corresponding enzymatic conversion ratio of
10 mM PP incubated with different enzyme concentrations as a function of
time. The data were non-linearly fitted. (C) CEST contrast and (D) the corre-
sponding enzymatic conversion ratio of 10 mM PP incubated with different
enzyme concentrations after reaction for 1 h. Both data were linearly fitted from
0 to 0.05mg mL? of enzyme. Data are shown as mean = SD (n=23).

39% of PP was converted to phenol within the first 5 min, respectively,
with respect to the enzyme concentration of 0.025, 0.05, and
0.1 mgmL", and after reaction for 1h, the corresponding conversion
ratios turned to 38%, 63%, and 78%. This indicates the conversion of
PP increased by 5.6-fold, 2.7-fold, and 2-fold, respectively, for 1 h of
reaction compared to 5 min with respect to 0.025, 0.05, and 0.1 mg mL"
! of enzyme. Hence prolonging time of reaction is more useful to en-
hance the enzymatic conversion at a lower enzyme concentration. By
means of the initial reaction velocity during the first 5min of reaction
at the use of 0.1 mgmL’ enzyme, we performed a Michaelis-Menten
kinetic analysis, with the kinetic parameters estimated to be:
Ky = 3.5mMM; Vigax = 1.2%x102mM s keae = 8.1 5% and kea/Ky
(catalytic efficiency) = 2.3mM™ s (Fig. S4). This Ky, value for PP is
larger than the value (1.25 mM) reported for p-nitrophenyl phosphate
(Kruzel and Morawiecka, 1982) in agreement with the fact that the
latter has more affinity for AcP than PP (Cosnier et al., 2006).

We also found that solution pH,e,. under which the enzymatic re-
action occurred could affect the phenolCEST signal, which decreased
gradually with pH,e,. increasing from 5.0 to 7.4 (Fig. S5). To demon-
strate the use of phenolCEST MRI to quantify AcP activity, we mixed
10 mM PP with different amounts of AcP (0.005, 0.0125, 0.025, 0.0375,
0.05, 0.075, 0.1, and 0.125mg mL™) for 1hat pH,eae = 5.0 and 37 °C.
Fig. 3C-D show that increasing the enzyme concentration leads to a
proportionally increased MTRs,m signal and enlarged enzymatic con-
version ratio. Specifically, the CEST contrast or the conversion ratio
increased linearly with enzyme concentration till 0.05 mgmL™. The
minimal enzyme concentration to cause significant phenolCEST con-
trast change (CNR > 5) for 1 h of reaction was estimated to be 5 pg mL"
! or 2.5~ 15 units/L. It should be noted that the limit of detection may
vary with the reaction time, with a higher threshold by shorter in-
cubation, and vice versa.

Table 1 shows a list of methods recently developed for the detection
of AcP, which are based on fluorometry or colorimetry. Compared to
these methods, our method has a relatively low sensitivity due to the
inherently less sensitive nature of CEST MRI than fluorometry or col-
orimetry (by 3 orders). However, despite the low sensitivity, CEST MRI
is a high-resolution imaging strategy that can be used to detect AcP
activity in heterogeneous samples, which is challenging to be pursued
by other avenues. The acquisition time of the MRI method is also longer
than those of optical methods, which however may be improved by
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using ultrafast CEST methods (Ryoo et al., 2017; Xu et al., 2016).
However, the assay itself typically takes 30-60 min for sufficient en-
zyme reaction, which is the limiting factor for the total assay time.
Hence, the detection time should not be considered as a major dis-
advantage of the MRI method. In contrast to more than half of the
previous methods with decreasing signal change as the readout, our
method employs the appearance of CEST signal, changing from “OFF
state” to “ON state”, which is advantageous because it normally pro-
duces higher contrast (Guo et al., 2018; Xie et al., 2012; Xu et al., 2014;
Zhang and Yang, 2013). The most remarkable advantage of this bio-
sensor is that the CEST signal is generated by the enzyme product di-
rectly and hence only one component (substrate) is needed. In contrast,
all the previous biosensors require at least the addition of two com-
ponents (i.e., enzymatic substrate and signaling probe). Therefore, it
demonstrates a prototype approach for detecting AcP, which can be
tailored (by using different substrates) to other types of phosphatases,
especially those that can be used as drug targets, such as tartrate-re-
sistant AcP (Honig et al., 2006) and tyrosine phosphatase (Hoekstra
et al., 2016). This is challenging for methods based on fluorometry or
colorimetry.

3.3. Assessing AcP activity in prostate cells by phenolCEST and selectivity
test

We applied the biosensor to detect AcP levels in prostate cell lysates
to show that this phenolCEST technique can tolerate biologically re-
levant components. Cellular AcP is located within endosome-like ve-
sicles and lysosomes, where acidic pH (5.0-5.5) is favored for the en-
zyme activity (Quintero et al., 2007; Zhou et al., 2012). Here we
compared the expression levels of AcP in two cell lines, i.e., normal
prostate RWPE-1 cells and prostate cancerous DU 145 cells, quantified
by using the standard addition method. We found that the mammalian
protein extraction reagent used for lysis of cells barely affected the
catalysis of AcP or the phenolCEST signal intensity (Fig. S6). As shown
in Fig. 4A-B, for both cell lysates, mixing lysate with PP caused the
phenolCEST signals increase, and the further addition of known con-
centrations of AcP, the signals more enhanced. Then the original AcP
concentrations were determined by the x-intercept values of the ex-
trapolated plots of the phenolCEST contrast measured at different
amounts of AcP added to the cell lysates (Fig. 4C). Our results (Fig. 4D)
showed that a significantly higher level of AcP was present in DU
145 cell line (48 = 5 |,lg/106 cells) than in RWPE-1 cell line (20 + 2.5
ug/108 cells). Given the possible difference of specific activity between
the potato-derived AcP and the mammalian cellular AcP, it may be
better to show that the level of AcP in DU 145 cells was estimated to be
0.024 ~0.144 units/10° cells, compared to 0.01~0.06 units/10° cells
in RWPE-1 cells. Under the present conditions, the limit of detection for
the enzyme was 2.5~ 15 units/L (vide supra). Based on the estimation
that per 10° cells the concentrations of AcP were 240 ~ 1440 units/L for
DU145 and 100 ~600 units/L for RWPE-1, the detection limit of cells
was measured to be 1.8 x 10* in order to differentiate the two cell types
by this biosensor.

The major interference in the AcP assay is definitely from ALP,
another common enzyme with the same function as AcP but preferably
active under basic pH (Liu et al., 2016b; Sun et al., 2018). To demon-
strate that the contribution of ALP is negligible at the present acidic
condition, we incubated 10 mM PP with 2 units of ALP at pH,cac = 5.0
and pHyeac = 10.0 for 4 h at 37 °C. Afterwards, both solutions were ti-
trated to pHcgst = 5.0 and measured for their phenolCEST signals. It
showed that ALP was only functional at pHye, = 10 but not at
PHieac = 5.0 (Fig. S7), indicating a good selectivity of this biosensor for
AcP. Recently, biosensors relying on salicylic acid (SA)-based CEST MRI
have been developed to detect a variety of enzymes, including ALP
(Daryaei et al., 2016). However, the CEST signal from the SA proton
decreases in intensity with acidifying pH (Sinharay et al., 2017; Yang
et al., 2013), and thus limiting its application for the detection of AcP as
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Table 1
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A list of recently developed methods for the detection of AcP in terms of sensitivity, time for detection, and signal readout. *Here shows the components on which the
biosensors are developed; "here shows the dynamic detection range and limit of detection. The unit is generalized as U/L, in which U is the abbreviated form of unit

for specific activity of enzyme.

Method® Sensitivity” Time for detection Signal change Reference

PPE4 + /pNPP 0.3-6 U/L (0.05 U/L) > 60 min Increasing Xie et al. (2012)
SQ/(NaPOs)e 0.35-35 U/L (0.35 U/L) > 40 min Increasing Xu et al. (2014)
CulnS, QDS/Cu2+/ATP 6.4-192 pU/L (3.1 pU/L) > 40 min Decreasing Lin et al. (2015)
AuNCs/Fe** /PPi 0.1-3 U/L (0.1 U/L) > 15min Decreasing Sun et al. (2015)
CQDs/Ni%* /PPi 18.2-1300 U/L (5.5 U/L) > 60 min Decreasing Qian et al. (2015)
GQDs/PDDA/(NaPOs)e 30-420 pU/L (12 pu/L) > 40 min Decreasing Na et al. (2016)
CuNCs/pNPP 3.8-22.8 U/L (1.3 U/L) > 32 min Decreasing Huang et al. (2016)
Ch-PtNPs/TMB/AAP 0.25-2.5 U/L (0.016 U/L) > 35 min Decreasing Deng et al. (2017)
NH,-MIL-101/0PD/H,0,/PPi 0.01-30 U/L (0.005 U/L) > 80 min Increasing Li et al. (2019)
Phenyl phosphate 5-50 U/L (5 U/L) > 60 min Increasing Our work

B o
2 6
o 3
=
% 9

4 2 0
3 Offset (ppm) 3 Offset (ppm)
- lysate == |lysate + PP - lysate = |lysate + PP

- lysate + PP + AcP (0.015 mg mL")
- lysate + PP + AcP (0.03 mg mL"")

= lysate + PP + AcP (0.015 mg mL")
- lysate + PP + AcP (0.03 mg mL"")

C D
2 97 o RWPE cellysate - P<o.00
E | = puitsscelliysate "
2 o ©
© o
< "‘c_ 40
] 3
E -0.014 3 20
= o
< o4 v . . &
-0.02-0.008 0,00 0.02 0.04 0
Added AcP concentration (mg mL"1) RWPE-1 DU 145

Fig. 4. Measurement of AcP levels in prostate RWPE-1 cell lysates and prostate
cancerous DU 145 cell lysates at pHegsr = 5.0 and 37 °C, using a 5.9 uT/4 s RF
saturation pulse (Bo = 9.4T). (A, B) The MTR,sym spectra for lysates alone,
lysates + PP (10 mM), lysates + PP (10 mM) + AcP (0.015 mg mL™Y), and
lysates + PP (10 mM) + AcP (0.03 mg mL%). (C) Correlation of
AMTR 35ym(4.8 ppm)% with added AcP concentration. Marked are the x-inter-
cept values of the extrapolated plots, from which the unknown concentrations
of AcP in cell lysates can be quantified. (D) Amount of AcP per 1 million cells
for both cell lines (P < 0.001, two-tailed unpaired Student's t-test). Data are
shown as mean + SD (n=3).

performed by phenolCEST MRI. The novelty of this work is that it de-
monstrates the use of CEST MRI to detect enzymatic activity at acidic
pH, whereas most CEST biosensors are performed at neutral pH. Taken
together, these results demonstrated the feasibility of phenolCEST MRI
for determining the enzymatic activity of AcP in biological samples.

4. Conclusions

In summary, we presented a novel CEST MRI method to detect
phenol under acidic pH, simply by its exchangeable phenol proton re-
sonant at 4.8 ppm. This method, called phenolCEST, was utilized to
develop an imaging approach to detect AcP enzymatic activity at acidic
pH and demonstrated on both enzyme solutions and prostate cell ly-
sates. Despite of several drawbacks such as low sensitivity and potential
cytotoxicity of phenol, which limit the immediate in vivo application,
the proposed method has a number of unbeatable features compared to
previous fluorometry- or colorimetry-based approaches. In future work,
we will improve the biocompatibility of this method by using less toxic
phenol derivatives as CEST probe, such as catechol (Szydlowska et al.,

2006), which expands the scope of exchangeable protons for developing
bioorganic CEST MRI biosensors under acidic pH.
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