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Abstract

Glioblastoma (GBM) treatment is limited by the blood-brain-barrier(BBB) and lack of non-invasive
methods to track drug delivery and therapeutic response simultaneously. We developed a theranostic
strategy utilizing multiparametric chemical exchange saturation transfer(CEST) MRI to guide the nose-to-
brain delivery of mucus-penetrating liposomes encapsulating gemcitabine and iohexol(1:1; Gem/Ioh-
Lipo). These multiple CEST contrast indicated drug-specific signals (gemcitabine 2.4 ppm, iohexol 4.3
ppm and liposome - 3.5 ppm), demonstrating that > 70% intranasal dose reached the frontal cortex from
the olfactory bulb.Importantly, CEST at 4.3 ppm strongly correlated with tumor response(R? > 0.9),
indicating the prognostic value of image-guidance. Another CEST contrast (APTw at 3.5 ppm) indicated
the tumor response, intranasal Gem/loh-Lipo produced an 8.6-fold tumor volume reduction versus drug-
free liposomes (P < 0.0001). Controls showed a 55.9% increase in APTw signal in tumor (P < 0.005),
indicating increased cellularity and proliferating cells, which were absent in treated animals. This CEST
MRI-guided theranostic strategy enables non-invasive, real-time quantification of drug biodistribution and
therapeutic efficacy for GBM, enabling precise treatment evaluation.

Introduction

Treatment for glioblastoma, a highly aggressive and malignant form of brain cancer, remains a
formidable challenge in the field of oncology. Despite advances in surgical techniques, radiation therapy,
and chemotherapy, the prognosis for patients diagnosed with glioblastoma remains poor [1]. By the
restriction of the blood brain barrier (BBB), less than 0.1-2% of a therapeutic dose are able to enter the
brain, depending on the molecule size [2-4]. The percentage of administered dose that arrives in the
brain is relatively low due to the presence of the BBB, and tumors have abnormal vasculature and poor
perfusion. This hampered the treatment efficacy[5]. Consequently, potent chemotherapeutics like
gemcitabine, a prodrug that minimizes systemic side effects, are severely limited by conventional
delivery routes. While Oral and intravenous administration is rendered largely ineffective by the BBB[6, 7],
invasive alternatives such as intrathecal or convection-enhanced delivery risk severe neuronal damage,
infection, and inflammation [8].

Beyond the challenge of delivery, a major bottleneck in current clinical assessment is the lack of imaging
approaches capable of evaluating the actual percentage of the administered dose that reaches the brain.
Current clinical paradigms rely on surrogate markers, such as systemic blood drug concentrations or
delayed macroscopic changes in tumor size, neither of which accurately reflects immediate intracerebral
drug penetrance or early molecular response[9-11].

Intranasal (IN) drug delivery systems have emerged as a promising alternative. These systems deliver
drugs from the nose to the brain, bypassing the BBB and reducing the risk of damage associated with
invasive methods [12, 13]. The transportation of drugs from the nasal cavity to the brain via several
pathways, such as the intracellular pathway and extracellular pathway, through the glymphatic system
and other pathways, such as systemic circulation [14]. The drug delivery efficacy of intranasal
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administration can be up to 14.7 times higher than that of intravenous administration [15]. However,
effective IN delivery must overcome rapid mucociliary clearance [16-21], enzymatic degradation [18, 22],
and epithelial barriers [23].Previous studies have shown that high density coating with low molecular
weight polyethylene glycol (PEG) can reduce liposomes adhesion to mucin fibers in the mucus mesh,
resulting them to quickly penetrate through the low viscosity interstitial fluids between mucin fiber,
further enhancing the efficiency of intranasal drug delivery [24-26], particularly for particles ranging in
size from 100 to 500 nm[27]. Moreover, in addition to improving transport, PEGylation of nanoparticles
enhances their stability in mucus, thereby facilitating their ability to diffuse through thick mucus layers
and reach the underlying cells [28, 29]. In our previous study, we demonstrated the use of 10 mol %
PEGylated liposome with size less than 200nm resulting in the best performance for CEST MRI guided
intranasal drug delivery application [24].

To overcome the diagnostic bottleneck of tracking these therapeutics in vivo, we leverage multi-
parametric Chemical Exchange Saturation Transfer (CEST) magnetic resonance imaging (MRI). CEST is
a molecular imaging contrast mechanism in MRI, which detects both endogenous biomolecules and
exogeneous CEST agents by probing the interaction between bulk water protons and labile solute
protons [30]. By selectively saturating the exchangeable solute protons using RF irradiation, the
saturation is transferred to the bulk water when the solute protons exchange with water protons,
resulting in a slight attenuation of the water signal. In glioblastoma, both the complicated
microenvironment and various biomolecules could contribute to the amide proton transfer weighted
(APTw) contrast. Amide proton transfer (APT), one type of CEST contrast at 3.5 ppm from the water
peak, can detect mobile protein/peptide concentrations and pH [31-33] and has been applied to studies
of tumors and ischemic stroke [34-36]. APTw imaging has been demonstrated to be capable of
detecting tumor aggressiveness, recurrence and can accurately differentiate active tumor from radiation
necrosis [37-39]. Furthermore, multi-parametric CEST can holistically assess molecular treatment
efficacy up to two days prior to observable changes in tumor size [40].In our previous study, we
successfully demonstrated CEST can be used to monitor liposome-based nanomedicine, tracking its
biodistribution and potentially the distribution of the free drug itself [30, 41].By combining multiple CEST
contrast imaging, the drug delivery efficiency and therapeutic effect of the drug on glioblastoma can be
monitored simultaneously, provide a comprehensive theranostic approach to glioblastoma treatment.

In this study, we leverage multi-parametric CEST MRI to create a theranostic platform for GBM. We
modified 10% PEG liposomes to serve as intranasal nanocarriers and designed a 1:1 mixture of
therapeutic liposomes (Gem-Lipo) and imaging contrast liposomes (loh-Lipo). Gemcitabine and iohexol
are possibly interact each other and form macromolecular complex by hydrogen bond and r-it stacking
between aromatic ring of each molecules [42]. The key advantage of this 1:1 imaging-to-drug ratio is that
it enables the semi-quantitative imaging of the exact distribution of liposomes and drugs without
chemical interaction and potentially altering the active chemotherapeutic. The distribution of the drug
and liposomes will be tracked and monitored non-invasively by CEST MRI, while the therapeutic effect
will be imaged by MRI for the size change of the tumor through T2-weighted and APT imaging. The
therapeutic effect will be validated by immunohistology of brain slides, providing a comprehensive
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assessment of this novel approach to glioblastoma treatment. This study represents a significant step
forward in the development of more effective and less invasive treatment strategies for glioblastoma.

Results

In-Vitro and In-vivo Cytotoxicity Assessment

To access the effectiveness of the therapeutic effect on glioblastoma, in vitro cytotoxicity of
gemcitabine, Gem-Lipo, gemcitabine/iohexol mixture, GEM-Lipo GEM/loh-Lipo, Co-GEM/loh-Lipo in U87
was examined with MTT assay (Fig. 1A, n = 3). Free gemcitabine, their liposomal form, and GEM/loh-Lipo
showed a therapeutic effect on U87 cells. Treated cells showed an increase of cytotoxicity dependent to
increase of the concentration of drug. The cell viability of U87 cells is decreased from 53.7% to 19.4%
when the concentration of gemcitabine free drug is increased from 0.312 mg/mL to 5 mg/mL. For the
GEM-Lipo, the cell viability of U87 cells is decreased from 100% to 34.9% when the concentration of
GEM-Lipo is increased from 0.312 mg/mL to 5 mg/mL. For the GEM/loh-Lipo the cell viability of U87
cells is decreased from 100% to 34.9% when the concentration of GEM-Lipo is increased from 0.312
mg/mL to 5 mg/mL. While for the Co-GEM/Ioh-Lipo, the cell viability of U87 cells remain around 100%
when the concentration of GEM-Lipo is increased from 0.312 mg/mL to 5 mg/mL.

Based on the in vitro cell cytotoxicity assay (Fig. 1A), 5 mg/ml gemcitabine resulted in the highest cell
cytotoxicity to the U87 cell line. However, when we translated the same concentration of Gem-Lipo into in
vivo glioblastoma therapy in Nod/SCID mice, the treated mice became fragile and the mortality rate
increased after day 9 (Fig. 1B). To optimize the treatment dosage, we have performed a Kaplan-Meier
survival analysis (survival curve) for four groups of different drug dosages for glioblastoma treatment,
such as (a) 20 mg/kg Gem-Lipo daily treated group, (b) 10 mg/kg Gem-Lipo alternative day treated
group, (c) 10 mg/kg Gem-Lipo daily treated group. In group (a), (c) the treated mice received a high
mortality rate. We optimized the dose to obtain effective therapeutic outcome and high survival rate is
10 mg/kg Gem-Lipo group with alternative day treated group. Hence, we chose to use 5 mg/ml
gemcitabine to prepare liposome for treatment, resulting in 2.5 mg/ml after mixing 1:1 with loh-Lipo,
which remains around 50% cell cytotoxicity to the U87 cell line and a relatively high survival rate of
animals.

Characterization of Theranostic Liposomes (Gem/loh-Lipo)

To establish a non-invasive theranostic platform for intranasal glioblastoma treatment, in-vitro CEST
characterization was performed on the formulated liposomes: Gem-Lipo, loh-Lipo, a 1:1 mixture
treatment liposome (Gem/loh-Lipo) and a co-encapsulated formulation (Co-Loaded Lipo). As shown in
Fig. 2., we observed CEST contrast of 36.9 + 0.4% at 4.3 ppm for free iohexol (328.3 mM in PBS at 7.0
pH) and 5.7 £ 0.2% at 2.3 ppm for free gemcitabine (19 mM in PBS at 7.0pH) when we acquired the z-
spectrum at 1.0 pT, yielding a roughly 10-fold lower CEST signal. Consequently, the Gem-Lipo exhibited
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only a CEST contrast of 3.4+ 0.2% at 2.4 ppm (at 1.0 uT). Based on our preliminary dose optimization,
the resulting therapeutic dose of gemcitabine is 2.5 mg/mL (equivalent to 9.5 mM). At this targeted
concentration, the limited number of exchangeable protons renders the gemcitabine-derived CEST
contrast at 2.3 ppm making it insufficient for in vivo tracking. We initially explored co-encapsulating both
agents within the same nanocarrier (Co-Loaded Lipo). While this formulation yielded a strong CEST
signal of 38.0 + 1.0% at 4.3 ppm, it also produced an unexpected high contrast of 18.6 + 6.8% at 1.0 ppm
(corresponding to hydroxyl -OH protons). This indicates the induction intermolecular interactions or
complex hydrogen bonding between iohexol and gemcitabine which reflected by the cytotoxicity assay
that Co-Loaded Lipo compromise the therapeutic effect. Therefore, we designed the final treatment
formulation as 1:1 mixture of individually loaded Gem-Lipo and loh-Lipo. Gem/loh-Lipo showed CEST
contrast of 34.9%+0.3% at 4.3 ppm at 1.0 uT in-vitro. From the particle characterization and release
study (Fig. 2A, D), Gem-Lipo, loh-Lipo showed a similar particle size, PDI, zetapotential, and release
profile when comparing to our previous study for achieving similar mucus penetrating properties and
biodistribution after intranasal administration. Therefore, the highly sensitive CEST contrast at 4.3 ppm
derived from iohexol serves as the primary marker to accurately quantify the percentage of the
intranasally administered dose that successfully reaches the brain. Ultimately, this strategic 1:1 mixture
establishes a highly versatile, image-guided delivery platform, demonstrating that even if a primary
therapeutic drug lacks intrinsic CEST contrast at clinical dosages, its precise in vivo biodistribution can
still be reliably mapped by co-administering with our loh-Lipo.

In-Vivo Intranasal Liposome Delivery and Biodistribution Monitored
by CEST MRI

To confirm the Treatment-Lipo delivery to the brain and monitor their biodistribution, 30ul Treatment-Lipo
(Gem/loh-Lipo) and Control-Lipo (blank/loh-Lipo) was injected intranasally into each nostril of GBM mice
model. The in-vivo MRI T2 image in coronal view, CEST Z-spectrum, CEST,  and CEST-map at the frontal
lobe of GBM mouse model were acquired pre-injection and post-injection. As shown in Fig. 3A-H, in the
treatment group, CEST contrasts at 4.3 ppm increased by 3.1 £ 0.8% and at -3.5 ppm increased by a
percentage of 1.5+ 0.4% in OB after injection compared to pre-injection. During this period, CEST
contrasts at 4.3 ppm increased by a percentage of 1.4+ 0.7% and at -3.5 ppm increased by a percentage
of 1.3+ 0.5% in FL. Comparably, in the control group, CEST contrasts at 4.3 ppm increased by a
percentage of 2.6 + 0.2% and at -3.5 ppm increased by a percentage of 0.6 + 0.1% in OB after injection
compared to pre-injection. During this period, CEST contrasts at 4.3 ppm increased by a percentage of
1.5+ 0.7% and at -3.5 ppm increased by a percentage of 0.6 + 0.2% in FL. Significant increases in CEST
contrast at 4.3 ppm (indicating lohexol) and at -3.5 ppm (indicating liposomal rNOE) were observed in
both the olfactory bulb (OB) and the frontal lobe (FL) confirming successful nose-to-brain delivery.

The percentage dose of lohexol (intraliposomal content) and liposomes reaching the tumor region from
the OB were calculated by CEST contrast percentage differences between OB and the tumor region at
4.3 ppm and - 3.5 ppm (Fig. 3I). It shows a comparable drug delivery between the treatment and control
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groups of over 70% of dose of iohexol and liposomes reaching the tumor, suggesting that the presence
of gemcitabine did not substantially alter the delivery efficiency of the liposomes.

In-Vivo Therapeutic Efficacy and Tumor Response Monitoring by
Multimodal MRI

To assess therapeutic efficacy, U87 GBM-bearing mice were randomized into treatment (IN Gem/Ioh-
Lipo) and control (IN Blank/loh-Lipo) groups (n =5 per group). Tumor growth and therapeutic response
were monitored longitudinally using T2-weighted (T2w) MRI for tumor volume and CEST MRI for APT
signal changes at 3.5 ppm as shown in Figs. 4 & 5. In the treatment group, the APTw CEST contrast
remained relatively stable at 4.2 £ 0.3% throughout the two-week treatment period (4.5 + 0.5%, 4.2 +0.6%
and 4.0 £ 0.7% at 3.5ppm on Day 1, 7, 14 respectively). Conversely, in the control group, it showed a CEST
contrast of 3.4+ 1.0%,4.1+1.0% and 5.3 £ 0.6% at 3.5ppm on Day 1, 7, 14 respectively at the tumor
region. the APTw of control group significantly increased by 0.8 +0.5% (P = 0.027) after 7 days, and
significantly increased by 1.9 £ 0.8% (P = 0.0039) over two weeks. This increase in APT signal in control
tumors is consistent with uncontrolled tumor proliferation and increased cellularity. The CEST also
showed significant differences between the treatment group and the control group. In day 7, the APTw
and MTR,,, contrast of control group is 1.0+ 0.2% (P < 0.01) and 1.1 + 0.6% (P < 0.05) higher than the
treatment group respectively, while the APTw and MTR, , contrast of control group is 2.4+ 0.3% (P <
0.001) and 2.5+ 0.7% (P < 0.001) higher than the treatment group in day 14. This shows the significant
result of our treatment and indicates the tumor suppression effect of the treatment liposome in the
treatment group.

In parallel, the tumor size showed a significant difference between treatment group and control group.
As shown in Fig. 4E, over a 14-day period, the tumor volume in the treatment group increased by only
104.6 £ 48.6%. In contrast, tumors in the control group exhibited aggressive growth, with volumes
increasing by 897.5+478.1% (P >0.0001), approximately 8.5 times their initial size. The significant
increase in CEST contrast at 3.5 ppm of tumor region and the significant increase of the tumor size
indicates the tumor growth in the control group, while the unchanged CEST contrast at 3.5 ppm of tumor
region and the significant difference of the tumor size (P > 0.0001) between the treatment group and the
control group indicates the efficacy of the intranasal treatment by the treatment-Lipo.

To evaluate the relationship between drug delivery and treatment effect, linear regression analyses were
performed comparing imaging biomarkers, quantified drug dosage, and therapeutic outcomes (n = 5).
First, the anatomical therapeutic response (percentage change in tumor size) was plotted against the in-
vivo CEST signal difference before and after IN within the OB. A robust negative correlation was
observed, demonstrating that higher early drug accumulation in OB strongly predicted eventual tumor
suppression. Specifically, the CEST signal at 4.3 ppm (tracking iohexol) exhibited a highly significant
correlation with the mitigation of tumor growth (Fig. 5A, R? = 0.9572). This result was further evaluated
by analyzing the pixel-wise CEST signal distribution within the olfactory bulb. Subjects exhibiting a high
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therapeutic effect displayed a distinct Post-IN rightward shift in CEST signal histograms at both 4.3 ppm
and - 3.5 ppm (Fig. 5D, E), corresponding to substantial tumor growth suppression visible on longitudinal
T,-weighted MRI (Fig. 5H). Conversely, subjects with a low therapeutic effect demonstrated minimal
histogram shifts (Fig. 5F, G) and larger residual tumor volumes (Fig. 51). To assess target engagement
and molecular therapeutic efficacy, the analytically determined percentage dose of iohexol delivered to
the tumor was correlated with changes in the APTw signal, measured as the CEST difference at 3.5 ppm.
A highly linear, negative correlation was observed between the delivered dose and the APTw signal

(Fig. 5B, R? = 0.9433), indicating that higher intratumoral drug accumulation corresponded directly to a
profound reduction in the APTw signal, an early biomarker for tumor cellularity. Finally, the anatomical
therapeutic effect was directly compared to the percentage dose of the drug delivered into the tumor.
Consistent with the imaging biomarkers, the iohexol dose showed a moderate negative linear correlation
with anatomical tumor growth (Fig. 5C, R? = 0.6071). Notably, the correlation between the delivered drug
dose and the molecular APTw signal changes (R? = 0.9433) was markedly stronger than its correlation
with the anatomical tumor size difference (R? = 0.6071). These findings underscore that CEST MRI
provides an earlier and significantly more sensitive assessment of therapeutic efficacy compared to
conventional, macroscopic tumor sizing. By mapping localized drug delivery distributions, CESTRI can
accurately forecast molecular target engagement and long-term treatment success before anatomical
tumor growth appeared.

Histological Validation of Therapeutic Efficacy

Ex vivo histological analyses were performed on brain tissues collected on Day 14 from both treatment
and control groups (n = 5 per group) to validate the in vivo MRI findings. Hematoxylin and Eosin (H&E)
staining confirmed tumor presence and allowed assessment of overall tissue morphology. Quantitative
analysis of DAPI-stained sections showed a significantly lower cell density in the tumors of the
treatment group (2901 cells/mm3) compared to the control group (5361 cells/mm3), corresponding to a
45.89% reduction (P < 0.001, Fig. 6B, F). Immunohistochemical staining for Ki-67, a marker of cell
proliferation, showed a significantly lower proliferation index in the treatment group (9.374 +1.22%)
versus the control group (19.27 £+ 1.51%). This represents a 61.30% reduction in proliferating cells (P <
0.001, Fig. 6C, G). Furthermore, TUNEL assays, which detect DNA fragmentation characteristic of
apoptosis, showed a significantly higher apoptotic index in the tumors of treated mice (10.748 + 1.54%)
compared to controls (0.009 + 0.005%) (P < 0.0001, Fig. 6D, H). We further analyze the correlations of
APT contrast with cell density and proliferation. Both cell density and proliferation showed strong
correlations with the APT signal (R?=0.7120, P = 0.0021 and R? = 0.7824, P = 0.0007, respectively,

Fig. 61,J). This finding provides strong validation for APT imaging as a surrogate biomarker for tumor
cellularity and proliferation in this GBM model and supports its utility in monitoring therapeutic response.

Moreover, we evaluated the spatial distribution of the therapeutic effect, ex vivo histopathological

analysis was performed on tumor sections extracted on day 14 post-treatment (n = 5 per group).

Immunofluorescence staining was obtained to analyse cellular proliferation (Ki-67) and apoptosis
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(TUNEL) across three distinct spatial zones: the proximal region, the tumor core, and the distal region
(Fig. 7E-H). Ki-67 staining (red) was lowest in the proximal region and became progressively higher
toward the distal region. From the quantitative regional analysis (Fig. 7B), a significantly lower Ki-67
labeling index (LI) in the proximal region (11.33 +2.29%) compared to the distal region (27.92 +2.59%, p
<0.01). The tumor core showed intermediate proliferation (16.67 + 2.37%), which was also significantly
lower than the distal region (p < 0.05). Conversely, TUNEL staining (green) indicated that therapy-induced
cell death was most concentrated near the region cloest to the injection site. The apoptotic index

(Fig. 7C) was highest in the proximal region (21.66 * 2.84%), showing a statistically significant elevation
compared to both the tumor core (12.59 + 1.48%, p < 0.05) and the distal region (9.83 + 1.86%, p < 0.05).
Meanwhile, the APT signal shows significantly lower in the proximal region (3.83 + 1.27%) than that of
the tumor core region (4.49 + 1.46%, p < 0.05) and the distal region (5.11 + 1.58%, p < 0.01), and the APT
signal in the tumor core also shows significantly lower than that in the distal region (p < 0.05) (Fig. 7D).
These findings demonstrate a robust apoptosis and proliferation inhibition in the proximal tumor region
that gradually decrease toward the distal tumor microenvironment which can be sensitively detected by
APTw imaging.

Discussions

The successful treatment of GBM hinges on overcoming two critical translational challenges: effectively
bypassing the BBB to deliver therapeutic agents, and developing non-invasive, label-free methods to
simultaneously monitor this delivery and real-time tumor response for prognosis. Regarding the first
challenge, intravenous administration typically results in less than 0.1% of a therapeutic dose reaching
the brain due to the highly restrictive nature of the BBB and the presence of active efflux pumps [2, 43—
45]. In contrast, intranasal administration offers an alternative, routing therapeutics directly along the
olfactory and trigeminal neural pathways bypassing the BBB to achieve significantly higher effective
brain concentrations while minimizing systemic exposure. [12, 46]. However, to successfully exploit the
IN route, nanocarriers must penetrate through the highly viscous nasal mucosa. Dense PEGylation has
been extensively validated as a robust strategy to evade mucoadhesion and facilitate rapid mucus
penetration [25, 47-53]. Building on our previous demonstrations that 10% PEGylated liposomes
efficiently cross the nasal mucus to reach the brain [24, 26, 54]. we utilized this optimized 10% PEG
liposomal formulation to maximize nose-to-brain delivery in this study.

The second major clinical challenge is tracking this targeted drug delivery and evaluating the subsequent
treatment regimen. Amide Proton Transfer-weighted (APTw) CEST MRI has emerged as a powerful
imaging biomarker for brain tumors [55, 56] ,capable of distinguishing tumor progression from
treatment-induced necrosis [57, 58]. The APTw signal reduction after radiotherapy indicated a molecular
tumor response, which claimed to be detected earlier than other commonly used MRI approaches|[57].
Beyond endogenous proteins, CEST MRI can isolate exogenous agents at specific chemical shift offsets,
such as glucose at 2 ppm [59-63], CT contrast agent like iohexol and iopamidol at 4.3 ppm [30, 64] and
nanomaterial-based diamagnetic CEST agents including liposome at — 3.5 ppm [24]. In brain tumors, the
complicated microenvironment and various molecules could contribute to the APTw contrast and rNOE,
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resulting slightly different observations when we analyze CEST at 3.5 ppm and - 3.5 ppm independently,
which APTw resulting hyperintense at 3.5 ppm reflecting protein synthesis and high cellularity while
rNOE resulting hypointense reflecting mobile lipids and macromolecule changes in tissue. By mapping
these distinct contrasts, our multi-offset CEST MRI platform uniquely achieves the simultaneous, real-
time tracking of exogenous liposomal delivery (-3.5 ppm and 4.3 ppm) and early molecular tumor
progression (3.5 ppm) within a single comprehensive imaging framework.

In this study, we demonstrated CEST MRI guided glioblastoma treatment using intranasal liposome.
Gemcitabine is chosen to load into 10% PEG liposome as a prodrug, which activates the anti-cancer
mechanism after entering the cancer cell [65]. While the standard-of-care drug temozolomide was
considered, its known susceptibility to rapid hydrolytic degradation in aqueous environments
significantly compromises its stability and therapeutic effect in the liposomal formulations [66]. To
establish the effective treatment dose for our in-vivo model, we translated the established clinical IV
gemcitabine regimen (1000 mg/m?2 administered on Days 1 and 8 of a 21-day cycle) to a rodent
equivalent dosage of approximately 30 mg/kg. Since intranasal administration directly bypasses the
BBB, yielding a substantially higher brain bioavailability compared to systemic IV injection, we were able
to optimize our treatment protocol, ensuring sufficient therapeutic concentrations reached the tumor
core while potentially minimizing off-target systemic toxicities.

The clinical translation of this localized delivery strategy relies on the ability to non-invasively track the
nanocarrier and simultaneously monitor the tumor’s response. To achieve this multiparametric imaging
capability without compromising drug efficacy, we designed our final formulation as a 1:1 mixture of
separately loaded therapeutic liposomes (Gem-Lipo) and imaging liposomes (loh-Lipo). This separate-
nanocarrier design was fundamentally driven by our in vitro cytotoxicity assays (Fig. 1a). When
gemcitabine and iohexol were co-encapsulated within the same liposome (Co-GEM/loh-Lipo) or mixed
as free solutions, the cytotoxic efficacy against U87 cells was severely suppressed. This compromised
efficacy is probably caused by spontaneous molecular complexation within the intraliposomal core,
characterized by extensive hydrogen bonding networks and -t stacking cooperativity between
gemcitabine and iohexol[42]. By encapsulating the agents into separate liposomes, we successfully
insulated the active chemotherapeutic from the contrast agent. This approach preserved the potent
cytotoxicity of gemcitabine while establishing a highly robust, image-guided delivery platform. It allows
us to semi-quantitatively map the precise biodistribution of the drug vehicle (via the loh-Lipo) while
concurrently tracking early molecular changes in the tumor microenvironment (via the APTw signal). By
linking spatial drug delivery metrics to molecular target engagement, this image-guided platform can
semi-quantitatively predict long-term anatomical treatment effects, empowering clinicians to proactively
tailor and greatly enhance personalized treatment regimens.

For the in vivo experiment, we confirmed the successful nose-to-brain delivery of our treatment liposome
(GEM/loh-Lipo) and control liposome (Blank/loh-Lipo). We acquired CEST MRI pre-IN and post-IN for
both the treatment group and the control group. By co-injection of the loh-Lipo, we were able to non-
invasively track the nanocarrier delivery into the olfactory bulb and subsequent distribution to the tumor-
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bearing frontal lobe using the unique CEST contrast at 4.3 ppm for intraliposomal agent distribution and
- 3.5 ppm for liposome distribution. This indicates that both the treatment liposome and the control
liposome are delivered to the brain with comparable efficacy and distribution. Notably, we observed the
liposomal distribution by assessing the CEST map at -3.5 ppm (Fig. 3). The liposomes are distributed
surrounding the tumor region. This indicates that the liposomes might not penetrated into the core of the
tumor, which results in a limited therapeutic outcome. Further investigation of delivering the drug
liposome into the core of the tumor can be done for a more effective therapeutic outcome, such as
shrinkage of the tumor.

In this study, we demonstrate the therapeutic efficacy of the Gem/loh-Lipo to complete the theranostic
loop. By comparing the APTw and rNOE CEST contrast and CEST map at 3.5 ppm and - 3.5 ppm (Figs. 4
& 5), we observed CEST contrast at 3.5 ppm (APTw) remained at a similar level for the entire treatment
duration (two weeks) in the treatment group, while the APTw of the control group significantly increased
by 2 times (P < 0.0039) over two weeks. This trend was also seen in the tumor size. The tumor remained
at low volume for entire treatment duration in the treatment group, while the tumor size increased for
more than 8-fold (P < 0.0001) in the same time interval for the control group. These two results indicate
that the treatment liposomes show the therapeutic outcome of suppressing the tumor growth. From our
data, the SEM of CEST and MTRasym are both < 1.0%. The CEST signal specific indicate the contrast at
specific offset, while MTRasym is obtained from the difference between the CEST contrast of 3.5 and -
3.5 ppm. CEST shows an accurate value of specific offset while MTRasym is the clinical protocol for
assessing tumor progression. From our result, both values showed a low SEM indicate the accuracy of
our MRI scanning.

We also validated the relationship between drug delivery and treatment effect (Fig. 6). The robust
correlations shown in our data demonstrate the theranostic utility of multiple CEST MRI for intranasal
drug delivery. Our results reveal that non-invasive tracking of early CEST signal changes, specifically the
CEST signal at 4.3 ppm and the distinct rightward shifts in pixel-wise signal distribution (histograms) in
the OB, can reliably predict long-term anatomical treatment outcomes (tumor suppression). Notably, the
high correlation between CEST signal at 4.3 ppm in OB and tumor size change (R? = 0.9572) underscores
that early quantification of drug uptake at the primary anatomical gateway to the brain is sufficient to
forecast distal therapeutic success. Furthermore, by directly correlating the percentage of dose of the
drug delivered with the APTw signal (3.5 ppm), we validated CEST MRI as a highly sensitive tool for
monitoring molecular therapeutic efficacy. The near-perfect correlation (R? = 0.9433) between the
intratumoral dose and the reduction in the APTw signal confirms that the delivered agents successfully
engaged their targets within the glioblastoma, altering the tumor's molecular microenvironment prior to
observable macroscopic changes. Importantly, a direct comparison of these metrics revealed that the

correlation between the delivered drug dose and early molecular APTw signal changes (R? = 0.9433) was

markedly stronger than its correlation with long-term anatomical tumor size differences (R? = 0.6071).
This discrepancy indicates that CEST MRI provides a significantly earlier and more sensitive evaluation
of therapeutic efficacy than conventional macroscopic tumor sizing. These findings support the
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integration of multi-offset CEST MRI into clinical workflows, enabling clinicians to simultaneously verify
early drug delivery, assess molecular treatment efficacy, and predict long-term anatomical outcomes,
thereby facilitating real-time, personalized adjustments to neuro-oncological treatment regimens for
precise therapy and prognosis.

We further validate the in vivo APTw signal with the ex vivo histological markers of cell density,
proliferation and apoptosis. In the histology, we can observe that the cell density and Ki-67 labelling
index are significantly lower in the treatment group than that in the control group (P <0.001) (Fig. 6F, G).
The cell density and the Ki-67 labelling index of the treatment group were 54.11% and 51.35% lower than
that of the control group respectively. The major mechanism of action of gemcitabine is inhibiting DNA
synthesis and enhancing its own effects through the activation of deoxycytidine kinase and caspase
signaling pathways, ultimately leading to apoptosis of proliferating cancer cells [67, 68], which can be
validated by the apoptosis index which is significantly higher in the treatment group than that in the
control group (P < 0.0001) (Fig. 6H). The over 50% lower Ki-67 labelling index of the treatment group
indicated the decrease of proliferating glioblastoma cells, which ultimately resulted in a decrease in cell
density in the tumor region in the treatment group. The strong positive correlations of the APT signal
with cell density and proliferation further support that the decrease in APT was sensitive to detect the
reduction of tumor cell density and proliferation by the IN treatment of Gem-Lipo. This result validates
the therapeutic outcome of tumor growth suppression, as shown in the CEST result. It suggests that
APTw-CEST MRI can provide a molecular-level assessment of treatment efficacy, potentially enabling
clinicians to gauge patient response much earlier than conventional anatomical imaging and to adjust
therapeutic strategies accordingly. We also analyzed the therapeutic outcomes in different region of the
tumor to provide critical microenvironmental validation of the distance-dependent treatment efficacy
(Fig. 7). The higher apoptotic induction and proliferation inhibition observed in the proximal tumor region
indicate that the intranasally administered treatment-Lipo achieved high therapeutic effect at the primary
site of entry. However, the progressive increase in proliferating index (Ki-67) and the decrease in
apoptotic index (TUNEL) toward the distal region highlight a major pharmacological hurdle: the limited
deep-tissue penetration and heterogeneous distribution of therapeutics within the dense solid tumor
microenvironment. From a theranostic perspective, these findings emphasize the critical needs of
advanced imaging modalities, such as multiple CEST MRI, to map intra-tumoral drug distribution in real-
time. Furthermore, this finding also suggested the future direction of development of nanocarriers to
enhance the diffusive or tumor penetration properties to ensure homogeneous drug distribution and
better therapeutic effect. There are several limitations in our study. The distinct CEST contrasts for
tracking the liposomal distribution (-3.5 ppm), tracking the drug distribution (4.3 ppm) and monitoring
the therapy (3.5 ppm) have different optimal imaging parameters. APT is more prominent at high B,
power, while rNOE is more prominent at low B, power. Therefore, the therapeutic outcome at 3.5 ppm
and drug distribution at 4.3 ppm need a high B, power to have the optimized CEST contrast, while the
liposomal distribution at -3.5 ppm requires a low B; power to have the optimized CEST contrast. Further

optimization of the MRI pulse sequence is needed to create a streamlined protocol for potential clinical
translation. Additionally, drugs delivered via the intranasal route, with agents reaching the brain within
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30-60 minutes, requires a fast and efficient imaging window. Future work should focus on accelerating
the CEST acquisition protocol. Finally, while we demonstrated profound tumor suppression, complete
tumor regression was not achieved, possibly due to the limited penetration of liposomes into the tumor
core as suggested by our CEST maps. Future iterations of this platform could incorporate strategies to
enhance tumor penetration, such as targeting ligands or the use of focused ultrasound, to further
improve therapeutic outcomes.

In conclusion, we developed a CEST MRI-guided glioblastoma treating intranasal liposome. Our
treatment-Lipo has CEST contrast at 4.3 ppm and - 3.5 ppm in vitro, indicating the intraliposomal
drug/CT agent encapsulation and phospholipid bilayer of liposome, respectively. By monitoring this
unique CEST contrast in vivo, we achieved the tracking and monitoring of treatment-Lipo distribution
inside the brain and drug delivery efficacy from nose to brain. Meanwhile, by monitoring CEST contrast at
3.5 ppm and T2w images, the treatment effect and tumor progression are simultaneously examined. The
treatment-Lipo shows a suppression effect on glioblastoma which is validated by the H&E histology, Ki-
67, and the TUNEL immunohistology.

Methods
Materials

Gemcitabine were purchased from Sigma-Aldrich (St. Louis, MO, USA). CT Contrast agents (lohexol)
were purchased from GE Healthcare Life Sciences (Pittsburg, PA). 1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC), and 1,2-distearoyl-sn-glycero-phosphoethanolamine poly (ethylene glycol)2000
(DSPE-PEG-2000) were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). Sephadex G50 columns
were bought from GE Healthcare Life Sciences (Pittsburg, PA). U87 cell line was purchased from ATCC
(Manassas, VA). Eagle's Minimum Essential Medium (EMEM), phosphate-buffered saline (PBS, pH 7.4),
fetal bovine serum (FBS), penicillin-streptomycin and trypsin were all purchased from Gibco, Invitrogen
(California, CA). All the chemicals and solvents used in the study were of analytical grade and purchased
from Sigma-Aldrich (St. Louis, MO, USA). Deionized water was used throughout the experiments.

Drug/CT agent Solution and Drug/CT agent Loaded
Liposome Preparation

For gemcitabine solution, gemcitabine hydrochloride (MW =299.66 g/mol) was dissolved in PBS
solution with a concentration of 5 mg/mL in 7.0 pH. For CT agent iohexol solution, 500ul iohexol (MW =
821.138 g/mol) solution with concentration of 647 mg/ml was dissolved in 700ul distilled water in 7.0
pH to prepare a 328.3mM iohexol solution. For gemcitabine and iohexol mixture, 5mg/mL gemcitabine
solution and 328.3mM iohexol solution are mixed in 1:1 ratio.

Gemcitabine encapsulated liposome (Gem-Lipo), iohexol encapsulated liposome (loh-Lipo), and co-

loaded gemcitabine and iohexol liposome (Co-Gem/loh-Lipo) was prepared through thin film

hydration[69], and extrusion method using a formulation of DSPC:cholesterol:DSPE-PEG2000:rhodamine
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=50:40:10:0.18 for 10% PEG loh-Lipo as described in our previous study. The lipid mixture was dissolved
in chloroform and evaporated to form a dry homogeneous thin film layer by a rotary evaporator
(Heidolph, Schwabach, Germany). The lipid film was then rehydrated with the gemcitabine, iohexol
solution or their mixture at a temperature higher than the transition temperature of the lipid, and
sonicated for 30 min to form large multilamellar liposomes (MLVs). The solution was finally extruded
through 400 nm polycarbonate membranes for 15 times then through 200 nm polycarbonate
membranes for another 15 times to obtain the resultant liposome with size < 150 nm. The unloaded drug
of the resultant liposome solution was filtered through Sephadex G-50 gel columns twice before
imaging. Mixed gemcitabine loaded liposome and iohexol loaded liposome (Gem/loh-Lipo) is prepared
by mixing Gem-Lipo and loh-Lipo in 1:1 ratio.

Liposome Characterization and Drug Release Profile

The size, polydispersity index (PDI) and surface charge of liposomes were measured by dynamic light
scattering (DLS) at room temperature by Zetasizer (Malvern Instruments, UK). The particle concentration
was measured by Nanosight (Malvern Instruments, UK).

The loading of gemcitabine and iohexol in liposomes was estimated by measuring the UV absorbance at
270nm and 245 nm using UV-VIS spectrometer (PerkinElmer, MA, USA). Gem-Lipo and loh-Lipo were
treated with Triton X-100 solution to completely release the Gemcitabine and iohexol payload, diluted to
proper concentration, followed by UV measurements. The concentration was then determined by the
calibration curves of gemcitabine and iohexol solutions with known concentrations.

Gemcitabine and iohexol release from liposomes were studied using a dialysis method. Dialysis bags
were soaked before use in distilled water at room temperature for 12 h to remove the preservative,
followed by rinsing thoroughly in distilled water. The release experiments were done immediately after
the preparation of liposomes. The liposome stock solution was diluted 10 times. The resulting
liposomes suspension 500 pl was taken to dialysis bag (cut off molecular weight: 3000/5000) and
immersed into 10 mL PBS solution. The sac was hung inside a conical flask with the help of a glass rod
so that the portion of the dialysis sac with the formulation dipped into the buffer solution. The flask was
kept on a magnetic stirrer and stirring was maintained at 100 rpm at 37°C with a thermostatic control. 1
mL supernatant was taken out and re-supplemented with fresh PBS at 0.25,0.5, 1,2, 4, 6, 9, 24,48 h,,
followed by UV measurements at 270 nm and 245 nm.

Cell Preparation

Human glioblastoma cells (U87) were cultivated in Dulbecco Modified Eagle Medium (DMEM) containing
10% fetal bovine serum (FBS) and 1% Penicillin-Streptomycin. The cell cultures were maintained at 37°C
in a>95% humidified atmosphere of 5% CO2 in air with media changes on alternate days.

Cytotoxicity Assays

Drug solution and 10% PEG drug loaded-Lipo were tested in U87 cell line. Five concentrations of each
drug and drug loaded-liposome were tested: Gemcitabine, Gemcitabine/lohexol mixture, GEM-Lipo
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GEM/Ioh-Lipo, Co-Lipo-GEM/Ioh. 5 x 103 cells were cultured and seeded with 100 pL into 96-well plates
24 h prior to treatment. After drug solution and drug loaded liposome addition, the cells were incubated
for 72 hours. The liposome mixture in the culture plate is extracted and washed by PBS before cellular
toxicity quantification by MTT assay. Cytotoxicity of drug solution and drug loaded liposome are
measured by the UV absorbance reading by microplate reader (Molecular Devices, CA, USA). Cytotoxicity
was expressed as percentage of the Relative Growth Rate (RGR) by the equation:

RGR = (Dsample/Dcontrol)/100

where Dsample and Dcontrol are the absorbance of the test samples and the negative controls,
respectively.

Animal Model and Dosing Optimization

All animal procedures were approved by the Department of Health (DH) of Hong Kong, in compliance
with the Animals (Control of Experiments) Ordinance (Chap. 340). The experiments were conducted at
the City University of Hong Kong's Laboratory Animal Research Unit (LARU), where animals were
maintained in a pathogen-free facility with free access to food and water.

For the tumor-bearing mice model, NOD/SCID mice (8-week-old) was used for brain tumor injection to
generate xenografts. Prior to xenotransplantation, U87 tumor cells were analyzed for cell count and cell
viability using. U87 cells (0.5x10%/3pL) were implanted at the following coordinates from bregma:
anteroposterior =+ 1.5 mm, lateral + 1.5 mm, dorsoventral - 1.2 mm. Each mouse was inoculated with
U87 tumor cells. The injection consisted of 0.5 x 108 cells suspended in 3pL of cell culture media.
Tumors development is measured 3, 7, 10, 14 days post-xenotransplantation.

Tumor-bearing mice are divided into 4 regimen groups, (a) 20 mg/kg Gem-Lipo daily treated group, (b) 10
mg/kg Gem-Lipo alternative day treated group, (c) 10 mg/kg Gem-Lipo daily treated group (d) control
group. Mice survival are monitored for 14-day-treatment with the 4 regimen groups by Kaplan-Meier
curves.

In-vivo MRI for drug distribution and anticancer effect

T2-weighted (T2W) and CEST images were acquired pre-treatment, 0.5h after intranasal injection of
mixed-Lipo and monitor on 14, 21, 28th day. Treated mouse was hold for 30 mins to ensure liposomes
were transported and penetrated into the olfactory bulb. The in-vivo MRI images for intranasal
administration experiments at the olfactory bulb of mice were acquired on a horizontal bore 3 T Bruker
BioSpec system (Bruker, Ettlingen, Germany) equipped with one 82 mm quadrature volume resonator as
a transmitter and a single surface coil as a receiver. The T2 weighted image and CEST data in coronal
view were acquired. The CEST sequence was RARE sequence with a CW pre-saturation module. The
parameters were set as followings: slice thickness = 2 mm, field of view (FOV) =16 x 16 mm2, image
size = 64 x 64, RARE factor = 32, TR/TE = 5000/5 ms. B1 was varied as: 0.6, tsat = 3 s,CEST frequency
varied from - 15to + 15 ppm, with a step of 0.2 ppm between - 6 to 6 ppm, a step of 1 ppm between + 6
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and = 15 ppm and extra acquisition pointson +2.1,+2.25,+2.3,+2.35,£2.45,+2.5,+3.3,£3.45,+3.5, ¢
3.55,+3.7,£4.1,£4.25,+4.3,+4.35,+ 4.5 ppm and + 20 ppm. Three M0 images at 200 ppm were
acquired for normalization.

MRI Data Analysis

The data were processed by custom-written MatLab (Mathworks, Natick, MA) code as described in our
previous study 23. In brief, after acquiring CEST data, the raw Z-spectra (Z) were formed, the B0
correction was performed on a pixel-wise basis. Lorentzian difference analysis was adopted for
calculating CEST contrasts.

Histological Analysis

On Day 14, mice were euthanized and transcardially perfused with PBS followed by 4%
paraformaldehyde (PFA). Brains were harvested, post-fixed in 4% PFA, and cryoprotected in a 30%
sucrose solution. Serial coronal sections (20 pm) were prepared using a cryostat. Sections were stained
with Hematoxylin and Eosin (H&E) for general morphology. For immunohistochemistry, sections were
stained for Ki-67 (proliferation marker; Thermofisher) and subjected to a terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) assay (apoptosis marker; Thermofisher). All sections were
counterstained with DAPI for nuclear visualization. Images were acquired using a fluorescence
microscope, and quantitative analysis (cell density, Ki-67 labeling index, apoptosis index) was performed
using Imaged software on three representative sections per tumor.

Statistical Analysis

All quantitative data are presented as mean + standard deviation (SD). Statistical analyses were
performed using GraphPad Prism software. Comparisons of tumor volume and CEST contrast changes
over time between the treatment and control groups were performed using a two-way ANOVA with
Sidak's multiple comparisons test. Comparisons of histological data between the two groups were
performed using an unpaired two-tailed t-test. The correlation between APTw signal and histological
metrics was assessed using Pearson correlation analysis. A P-value < 0.05 was considered statistically
significant.
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Figure 1

Optimization of the treatment formulation. In-vitro cytotoxicity and In-vivo survival Assessment. (A) In
vitro cytotoxicity MTT assay. Cells were incubated with gemcitabine solution, Gem-Lipo, Gem/loh-Lipo,
and Gemcitabine iohexol coloaded liposome (0.312 mg/mL to 5 mg/mL) 72 hours to evaluate
cytotoxicity by MTT assay. (B) Kaplan-Meier curves for 4 groups of treatment regimen (a) 20 mg/kg
Gem-Lipo daily treated group, (b) 10 mg/kg Gem-Lipo alternative day treated group, (c) 10 mg/kg Gem-
Lipo daily treated group (d) control group.
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Figure 2

Liposome characterization and CEST properties of iohexol, gemcitabine, blank-Lipo, Gem/loh-Lipo, loh-
Lipo, Gem-Lipo and Co-Loaded Lipo (n=3). (A) Table of liposome characterization of loh-Lipo, Gem-Lipo,
loh/Gem-Lipo, blank-Lipo and (B) Z spectra, (C) CEST,, under1.0 uT and pH 7.0. d Release profiles of

loh-Lipo and Gem-Lipo
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Representative MR images for the in vivo liposomal distribution of pre-IN and post-IN of treatment group
and control group. (A) Pre-IN and post-IN CEST map at 4.3 ppm and -3.5 ppm of treatment group, (B)
Pre-IN and post-IN CEST map at 4.3 ppm and -3.5 ppm of control group, (C) CEST spectrum of treatment
group in OB, (D) CEST spectrum of control group in OB, (E) CEST spectrum of treatment group in FL, (F)
CEST spectrum of control group in FL, (G) CEST comparison (n=5) in OB and FL of pre-IN and post-IN of
treatment group and control group at 4.3 ppm, (H) at -3.5 ppm, and (l) relatively high percentage dose of
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liposome delivered into the tumor from OB of treatment group and control group at 4.3 ppm and -3.5
ppm, with comparable dose delivered.
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Representative MR images for the treatment group and control group and quantification of tumor
monitoring of treatment group and control group (n=5). a T2w image, CEST map at 3.5 ppm, and -3.5
ppm of treatment group b T2w image, CEST map at 3.5 ppm, and -3.5 ppm of control group. ¢
Normalized CEST contrast change at 3.5ppm, d Normalized MTR,¢,, change from Day 1, Day7, and Day
14 in the tumor region. e Percentage change of tumor size of (red) treatment group and (black) control
group (n=5). Comparisons were made between the groups using two-way ANOVA and multiple t-test.
Differences were considered as statistically significant for P value < 0.05 (*/#), P < 0.01 (**/##), and
P<0.001 (***/##4#), and P<0.0007 (****).
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Quantitative correlation of efficacy of intranasal drug delivery with anatomical and molecular therapeutic
outcomes. (A) Linear regression analysis correlating the anatomical therapeutic response (tumor size
difference, %) with the CEST signal in the OB at 4.3 ppm (tracking drug content). (B) Correlation between
early molecular therapeutic efficacy, evaluated via APTw signal change (CEST difference at 3.5 ppm),

and the percentage dose of iohexol delivered into the tumor. (C) Correlation between the resulting

anatomical therapeutic response (tumor size difference, %) and the percentage dose of iohexol delivered
into the tumor. (D-G) Representative histograms depicting the pixel-wise CEST signal distribution in the
OB Pre-IN and Post-IN. Data are shown for a representative subject exhibiting a high therapeutic effect at
d 4.3 ppm and e -3.5 ppm, contrasted with a subject exhibiting a low therapeutic effect at f 4.3 ppm and

g -3.5 ppm. (H, I) Representative T,-weighted MR images utilized for longitudinal tumor size
quantification (Day 1 and Day 7) in the h high-effect and i low-effect treatment groups. Data points

Figure 5

represent individual subjects. Solid lines denote linear regression fits, with corresponding R? values
indicated for each plot.
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Figure 6

Histology and its evaluation of the GBM in the mouse brain with the treatment and control group on day
14. (A) Representative H&E staining of the mouse brain slice for two groupsThe fluorescence images of
(B) DAPI, (C) Ki-67, (D) Tunel and (E) Merge (Scale bar = 200 ym). (F) Cell density, (G) Ki-67 labeling index
and (H) Apoptosis index between two groups (n = 5 per group). Correlations between APT signal with (1)
cell density and (J) Ki-67 labeling index (n = 10). Data were presented as mean + SD (*** p < 0.001, **** p

< 0.0001, Two-tailed t-test).
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Figure 7

The histopathologic spatial analysis of tumor in the treatment group on day 14 (n = 5 per group). (A)
Representative T1w image of treatment group with 3 regions for quantitative regional analysis of (B) Ki-
67 LI, (C) apoptotic index, (D) APT signal of three subregions. The fluorescence images of (C) DAPI, (D)
Ki-67, (E) TUNEL, (F) Merge with three regions (Top: Proximal region, middle: Tumor Core region, Bottom:
Distal Region. (Scale bar = 200 um) Data were presented as mean = SEM (* p < 0.05, ** p < 0.01, Two-
Way ANOVA)
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