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Dear Esteemed Readers,

It is with immense pride and excitement that we welcome you to the  
Second issue of volume 3 of our society's technical journal. Building
on the foundation laid in our inaugural issue, this edition signifies
our unwavering commitment to fostering innovation, sharing
knowledge, and strengthening connections within our professional
community.

As our field continues to evolve, so too does the scope of ideas and
challenges we face. This journal remains dedicated to providing a
platform where groundbreaking research, practical insights, and
diverse perspectives converge. It is our hope that these
contributions spark dialogue, inspire action, and drive meaningful
progress.

In this issue, you will find an enriched selection of articles that delve
deeper into the complexities of our discipline. Each piece reflects
the dedication and expertise of our contributors, as well as the
collective vision of our society to lead and inspire. I encourage you
to explore the content thoughtfully and consider how these insights
might shape your work and broaden your understanding.

The success of this endeavor would not be possible without the
support and collaboration of our authors, reviewers, and editorial
team. Their hard work and passion have once again made this
journal a testament to the vibrancy and depth of our community.
As we move forward, let us continue to celebrate the spirit of
curiosity, innovation, and excellence that unites us. Thank you for
your ongoing engagement and support. Together, we are shaping
the future of our field.

Warm regards,
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Dear Colleagues,

Welcome to the Second issue of Volume 3 of the Journal of
Chemicals Research and Innovation Society. As we embark on
another year of scientific exploration and knowledge sharing, we
are excited to continue our mission of fostering groundbreaking
research and collaboration in the chemical sciences.

Building on the foundation laid in our previous volumes, this issue
presents a diverse collection of studies that showcase innovative
methodologies, novel discoveries, and practical advancements
across various fields of chemistry. Each contribution reflects the
dedication and expertise of our research community, and we are
proud to provide a platform for such impactful work.

I extend my deepest gratitude to our authors, reviewers, and
editorial team for their unwavering commitment to excellence. Your
contributions ensure that this journal remains a trusted source of
scientific progress and a hub for meaningful discourse.

As we move forward, I encourage you to actively engage with the
journal, whether through submitting your research, participating in
discussions, or sharing insights with your peers. Together, we can
continue to drive innovation and push the boundaries of chemical
research.

Thank you for your continued support, and I look forward to the
discoveries and advancements that lie ahead.

Best regards,

Shakeel Ahmed, Ph.D.,
Editor-in-Chief
Journal of Chemicals Research and Innovation Society
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Abstarct

Intensity-modulated radiotherapy (IMRT) is
the leading treatment modality for
nasopharyngeal cancer (NPC), offering
precise tumor dose delivery while
minimizing exposure to nearby organs at
risk (OARs) compared to 3D conformal
radiation therapy. This study assessed IMRT
resilience to patient positioning errors. Ten
nasopharynx carcinoma patients received
IMRT with a simultaneous integrated boost,
targeting tumor volumes with varying doses
over 35 fractions. Simulated setup errors of
3, 5, and 7 mm were applied in different
directions. The clinical target volume (CTV)
showed minor sensitivity to 3 mm shifts.
However, the planning target volume (PTV-
70) displayed notable dose variations even
with 3 mm shifts, especially in lateral
directions. Dose discrepancies were
minimal for CTV-70 but more pronounced
for PTV-70 with increasing shift size. A 3
mm error notably impacted OAR doses.
While the Conformity Index (CI) remained
stable with a 3 mm shift, the Homogeneity
Index (HI) deviated with larger shifts. Tumor
Control Probability (TCP) variations were
insignificant for CTV with 3 mm shifts but 

decreased substantially for PTV-70,
particularly in lateral shifts. Setup errors
also elevated normal tissue complication
probabilities (NTCP) for several OARs. This
study highlights IMRT limitation to setup
errors in NPC treatment, potentially
compromising tumor coverage and OAR
protection. To improve IMRT reliability, a
comprehensive evaluation emphasizing plan
robustness and complexity is suggested,
emphasizing the need for daily setup error
correction to maintain treatment precision.
Setup errors of up to 7 mm, with 3 mm
errors occurring in a substantial portion of
fractions without daily corrections, can
significantly impact dose delivery to PTV,
potentially compromising tumor control and
increasing the risk to surrounding healthy
tissues.
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Introduction 

In NPC, surgical intervention is generally
ruled out as an initial course of treatment 
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due to the complex anatomical location of
the primary tumor, which is in close
proximity to vital organs. Radiotherapy has
emerged as the principal treatment
modality for NPC, with intensity-modulated
radiotherapy (IMRT) gaining prominence for
its dose-painting capabilities. IMRT allows
for precision in dose distribution to the
target area while minimizing exposure to
nearby OARs, making it superior to 3D
conformal radiation therapy [1–5]. Recent
advancements in radiotherapy have led to
the introduction of the simultaneous
integrated boost technique (SIB). This
method delivers radiation doses to both
initial and boost fields in parallel, thereby
not only reducing the overall treatment
duration but also potentially augmenting
the dose to the primary target volume.
However, the use of the SIB technique in
head and neck cancers, including NPC,
comes with its own set of challenges. Minor
inaccuracies in patient positioning can lead
to unintended radiation exposure to
adjacent healthy tissues and an increased
likelihood of missing the tumor altogether.
This is particularly concerning given the
steep dose gradient between the target
volume and sensitive structures such as the
parotid gland, spinal cord, and brainstem.
As a result, managing setup uncertainties
becomes a crucial aspect in the treatment
of head and neck cancers [4]. Different
previous studies evaluated the varying
imaging protocols for imaging frequency,
different alignment procedures and
different registration sub regions during the
treatment in order to strike a balance
between treatment efficacy and patient
position accurate [6–10].
Different healthcare centers adopt varying
protocols for imaging frequency in order to
strike a balance between treatment
efficacy and accuracy. Incomplete 

knowledge of the remaining fractions can
lead to unanticipated deviations in dose and
the risk of tumor recurrence [11]. To address
this issue, our study seeks to examine the
impact of geometric deviations on the
precision of highly-optimized IMRT plans
[12–16]. While dose-volume histograms
(DVH) offer a plethora of data, their
complexity often hinders rather than aids
the analytical process. To circumvent this
challenge, these analysis employs models
of tumor control probability (TCP) and
normal tissue complication probability
(NTCP) as more interpretable metrics
[14].This approach enables us to assess the
clinical implications of uncertainties in a
more intuitive way, moving beyond the
limitations of traditional dose-space
evaluations. Moreover, this method allows
us to incorporate uncertainties and their
associated probabilities into the expected
outcomes for both tumor control and tissue
toxicity, facilitating population-level impact
assessments[2, 15].
This study focuses on setup errors across
three different shifts 3 mm, 5 mm, and 7
mm in all axes of the Cartesian coordinate
system. These values were selected to
encapsulate both the range of clinically
anticipated uncertainties (3 mm and 5 mm)
as well as larger, more extreme
uncertainties (7 mm) to observe their
exaggerated effects [11, 15–20]. The study
aim is to estimate and correlate TCP and
NTCP values with traditional dosimetric
criteria in IMRT plans for a sample of 10
patients diagnosed with nasopharyngeal
carcinoma. This study offers a framework
for improving IMRT precision by
emphasizing the importance of robust
planning, adaptive imaging protocols, and
personalized immobilization strategies to
mitigate setup errors and optimize
treatment outcomes in NPC.



Dosimetric Analysis and Treatment
Protocols for IMRT:
In this retrospective dosimetric study,
patient anonymity was maintained by
omitting personal identifiers like age and
gender. The research focused on ten
patients diagnosed with locally advanced
nasopharyngeal carcinoma, who were
treated using IMRT with the simultaneous
integrated boost (SIB) technique and
concurrent chemotherapy. Patients were
immobilized in a supine position using
custom thermoplastic head-neck-shoulder
casts. High-resolution computed
tomography (CT) scans were taken in
helical mode with a 3 mm slice thickness,
covering the area from the skull vertex to
mid-chest. All treatment planning was
conducted in the Eclipse software (Version
13.7, Varian Medical Systems, USA), and
treatments were administered via a Clinac
600C linear accelerator equipped with 6 MV
photons and an 80-leaf multileaf collimator.

To ensure consistency and control for
operator variability, all contouring was
carried out by a single oncologist and
validated by a senior counterpart, while one
medical physicist created all IMRT plans
using nine distributed coplanar fields.
Dosimetric calculations were performed
using the Anisotropic Analytical Algorithm
(AAA) on a 2.5 mm calculation grid,
optimized with a dose volume optimizer. The
study used multiple dose levels prescribed
to PTV using the SIB technique. These
included doses of 70 Gy for PTV70, 60 Gy
for PTV60, and 54 Gy for PTV54. All clinical
CTV were expanded by a 3 mm margin to
form the PTVs, and prescription doses were
administered in either 33 (N= 2) or 35 (N= 3)
fractions.
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Imaging Protocol

Two orthogonal digitally reconstructed
radiographs (DRRs) were generated using
the treatment planning software, with a
field size of 10 × 10 cm² and gantry angles
set to 0° (anterior) and 90° (lateral). These
DRRs were transferred to the treatment
unit as reference images. Portal images
were then acquired at the same gantry
angles using the electronic portal imaging
device (EPID) system integrated with Varian
linear accelerators.
Anatomic reference landmarks included at
least two clearly visible bony structures. For
anterior images, landmarks such as the
external mandible profile, nasal septum,
maxillary sinus, and spinous process of a
lower cervical vertebra were commonly
used. For lateral images, features such as
the internal and external mandible profiles,
skull base, and cervical vertebral bodies.
Setup errors were assessed at least three
times during the first week of treatment
and subsequently on a weekly basis. If
displacements exceeding 2 mm were
observed in any direction, the linear
accelerator couch was adjusted to realign
with the treatment isocenter, followed by
the acquisition of new electronic portal
images (EPIs).

Methodology

Uncertainty analysis

Selected patient setup errors in this study
encompass a clinically meaningful range of
uncertainties commonly observed in head
and neck radiotherapy. Extant literature,
exploring various tracking and
immobilization methods, reports both
random and systematic setup uncertainties
that fluctuate between 1 mm and 5 mm [15,
17, 18, 20, 21]. Hence, setup errors of 3 mm
and 5 mm are considered to represent a
typical clinical scenario, while a 7 mm setup 



error serves as an outlier, simulating an
extreme case.

The Plan Uncertainty tool in Eclipse version
13 serves as the computational backbone
for assessing treatment plan resilience
against simulated isocenter shifts. This tool
allows for the semi-automatic generation,
computation, and archival of dose
distributions in altered replica plans. In
these modified plans, isocenter shifts can
be arbitrarily applied along the X, Y (axial),
or Z (cranio-caudal) axes. The original
treatment plan acts as the benchmark for
all recalculations. Shifts are applied along
only one axis at a time, and both positive
and negative deviations from the reference
isocenter coordinates are considered. The
study includes an analysis of five sets of
modified plans with shifts of 3 mm, 5 mm,
and 7 mm.

Initial treatment plans were formulated in
the Eclipse treatment planning system,
During the treatment planning process,
various OAR dose constraints were used as
per Radiation Therapy Oncology Group
(RTOG) and Quantitative Analysis of Normal
Tissue Effects in the Clinic (QUANTEC)
protocols adhering to the constraints
specified in Table 1 adhering to the
constraints specified in Table 1 and
ensuring that at least 95% of the PTV
received the prescribed dose, utilizing the
sliding windows technique [22, 23].
Subsequent recalculations were performed
within the planning system by displacing
the isocenter by 3, 5, and 7 mm across all
three spatial dimensions: anterior, posterior,
superior, inferior, right lateral, and left
lateral.
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Table 1. Dosimetric Constraints for Organs at Risk
(OARs) [22, 23]

Evaluating Treatment Plan Efficacy
through Physical and Biological Metrics

Differences in the quality of various
treatment plans were assessed through the
examination of both quantitative physical
dose metrics and biological indices, derived
from DVH. For both CTV and PTV, coverage
was assessed based on the criteria
presented in Table 1. Metrics such as
maximum doses, denoted by doses received
by 2% of the target volumes (D %), and
minimum doses, represented by doses
absorbed by 98% of the target volumes
(D %), were reported alongside mean
doses. Plan conformity was evaluated using
a Conformity Number (CN), calculated as
(CN) = (TVRI)2/(TV×VRI)​, as proposed by
Van't Riet et al. [24]Here, VRI refers to the
volume of the reference isodose, TV
signifies the target volume, and TVRI
denotes the target volume encompassed by
the reference isodose.

2

98

Homogeneity Index (HI) served as a
measure of dose uniformity within the
target, defined as HI = ((D -D )/D ) ×100, in
accordance with the formula developed by
Wu et al.[25]. In this equation, D  and D
correspond to the doses received by 2% and
98% of the target, respectively, while D ​ is
the prescribed dose. Lower HI values
indicate greater homogeneity of the target
dose.

2 98 P

2 98

P

Additionally, a freely accessible Matlab 
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Table 2 provides a comprehensive guide for
evaluating the quality and efficacy of
radiation therapy plans, focusing on
different metrics for PTV-70, CTV-70 and
OARs. For CTV-70, the main criteria are
variations in D D , D and D , Tumor
Control Probability (TCP) and for PTV 70,
the main criteria are variations in D2%,
D98% and D95%, Tumor Control Probability
(TCP), Homogeneity Index (HI), and
Conformity Index (CI) to ensure that the
target receives the prescribed dose while
maintaining the quality of treatment. For
critical OARs such as the Brain Stem, Spinal
Cord, and Optic Structures (Nerve L, Nerve
R, Chiasma), the emphasis is on evaluating
the maximum dose and Normal Tissue
Complication Probability (NTCP) to
minimize radiation-induced complications.
Lastly, for the Parotid glands (L and R), the
focus is on the mean dose and NTCP, given
these glands' sensitivity to dose averages,
which could affect their function. The every
normal tissue has an upper threshold of
radiation exposure beyond which its
functionality is compromised; this threshold
is termed as radiation tolerance. Similarly,
TCD  defines the dose required to achieve
control over 50% of the tumor, assuming
the tumor is subjected to homogeneous
irradiation. The values of a, γ50, TCD  (Gy),
TD  (Gy) are shown in table 3.

2%, 99% 98% 95%

50

50

50

code, developed by Gay et al. [26], was
utilized for calculating Tumor Control
Probability (TCP) and Normal Tissue
Complication Probability (NTCP) based on
the generalized Equivalent Uniform Dose
(gEUD) concept. This code is capable of
utilizing DVH parameters (Di,vi)(Di​,vi )
available from existing treatment plans.
The Equivalent Uniform Dose (EUD) concept
posits that disparate dose distributions are
functionally identical if they induce the
same radiobiological impact on irradiated
tissues. Calculations for Tumor Control
Probability (TCP) and Normal Tissue
Complication Probability (NTCP) principally
rely on a unified set of equations,
distinguishing this approach from
alternative models that compute TCP and
NTCP values independently. While the
model parameters align well with tissue
tolerance data presented by Emami et al.
[27, 28] , it should be noted that the
tolerance doses identified by these authors
are specifically suited for evaluations within
the framework of conventional therapies. 
             TCP=1/ (1+ (TCD /EUD)) γ50             (1)50

4

             NTCP=1/ (1+ (TD /EUD)) γ50             (2)50
4

In this model, TD  represents the dose
tolerance associated with a 50%
complication rate over a designated time
period, such as the 5-year data provided by
Emami et al. The γ50 parameter, which is
dimensionless, is unique to the specific
normal tissue or tumor under study and
characterizes the slope of the dose-
response curve [27, 29]. 

50

Figure 2: Summary of evaluated Radiobiological and
dosimetric Parameters for PTV&CTV and OAR in
Radiation Therapy [5, 30]

Table 3. Utilized input parameters for calculating
generalized equivalent uniform dose (Gy) and tumor
control probability OARs [27, 28]

Statistical analysis
For examining the significance of the 



results obtained during plan comparison,
statistical tests have been carried out. The
variations in both target coverage and OAR
doses across the nominal and shifted plan
were statistically studied by using one way
ANOVA. The differences between data were
considered statistically significant, if
denoted by small p values (<0.05).
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Figure1 (A-F) An example of uncertainties impact on
Axial, Coronal and Sagittal dose distribution for
CTV-70 & PTV-70. (A&D) dose distribution refers to
the resulting dose distribution of CTV-70 & PTV -70
for the reference plan, respectively. (B&E) and (C&F)
refers to the resulting recalculated dose distribution
of CTV-70 & PTV -70, for 3mm and 5mm couch shift
in the left direction, respectively.

Results 

Dosimetric Evaluation: The impact of the
simulated shift on targets

Figures 1(A-F) present a comprehensive
illustration of a single session showcasing
the dosimetric impact of setup errors,
specifically accounting for a 3,5 mm shift in
the left direction for both CTV-70 and PTV-
70. Understanding the variations in dose
coverage resulting from these shifts is
pivotal for evaluating the robustness of the
treatment plan. As depicted in the figures,
deviations from the intended setup
noticeably affect dose metrics such as
D98%, D95%, and D99% volumes within the
PTV-70, underscoring the need for a
meticulous examination of plan sensitivity
to positional errors, even with a 3 mm shift.
In contrast, the behavior observed for CTV-
70 presents a distinct pattern. Despite
experiencing shifts of up to 3 mm in all
directions, the CTV maintains adequate
dose coverage, thereby enhancing its
resilience to setup errors, as depicted in
Figure 1B. Notably, the dose parameters of
CTV-70 are notably influenced by lateral
shifts of 5 mm, as illustrated in Figure 1C. 

Figure 2(A–B) illustrates the dose variation
in the target volumes resulting from 3 mm
shift scenarios in all directions for both
CTV-70 and PTV-70, presented as DVH
curves. Each curve on the graphs represents
the average over the reference plan as well
as plans recalculated for each left,
Posterior and superior direction (+X, +Y, and
+Z). Notably, the width of the envelope,
defined as the area between all DVH curves,
increases notably for PTV-70, particularly in
lateral shifts, indicating a significant
reduction in dose coverage.
In contrast, CTV-70 exhibits sufficient dose
coverage and reduced sensitivity to 3 mm
shifts. However, this observation raises
concerns regarding the plan robustness in
the presence of even minimal positional
errors, particularly in lateral directions. At 5
and 7 mm shifts, coverage for both CTV-70
and PTV-70 is compromised, especially in
lateral shifts, as depicted in Figure 3(A-C). 

Figure 2(A-B): the dose volume histograms over
single fraction for the reference plans and the plans
recalculated after the application of the isocenter
shifts over various directions. Each of these curves in
the graphs corresponds also to the 3 plans
recalculated for each of the shifts (+X, +Y and+ Z).

Figure 3(A-C): sample of dose-volume histograms



(DVHs) of CTV-70 and PTV-70, compared for 1
treatment plan and recalculated plans with 3,5,7 mm
shifts in left direction, respectively. 
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The mean absolute dosage (Gy) for D98%,
D95%, and D2% in the CTV-70 and PTV-70
was compiled in Table 4. Despite a clear
trend of deterioration in PTV coverage, the
results indicate that there is no significant
reduction in dose for any of the dosimtric
parameters for CTV-70 under 3mm setup
error. At 3mm shift for PTV-70 the dose
reaches 62.08Gy and 64.18Gy for D98% and
D95%, respectively, which is less than 95%
of the prescribed dose. At 7 mm shift for
CTV-70 the dose reaches to 59.84 Gy and
64.30 Gy for D98% and D95%, respectively,
while for PTV-70 lowers to 53.61 Gy and
58.80 Gy for the 7 mm shift. 

The boxplot in Figure 4 (A&C) presents the
average percentage dose variation,
revealing minor dose discrepancies in CTV-
70 for shifts of 3 mm, with mean variations
of -0.99% for ΔD98% and -0.66% for
ΔD95%. Importantly, indicates that these
minor variations in ΔD98% and ΔD95% for a
3 mm shift in all directions are not
statistically significant. The most
significant dose variations were observed in
the Right-Left directions, with the average
variations for ΔD98% and ΔD95% in 5 mm
and 7 mm isocenter shifts (compared to no
shift) reported as -4.75% and -9.92% for
ΔD98%, and -2.37% and -6.15% for ΔD95%,
respectively. This demonstrates the impact
of lateral shifts on dose accuracy,
particularly for larger shift magnitudes.
In contrast to CTV-70, PTV-70 dosimetric
parameters showed a significant impact
from shifts as small as 3 mm in the Right-
Left direction, as depicted in Figure 4(B&D).
The mean changes in ΔD98% and ΔD95%
for isocenter shifts of 3 mm, 5 mm, and 7
mm compared to no shift were -4.06%,
-7.97%, and -15.83% for ΔD98%, and
-2.55%, -7.78%, and -11.27% for ΔD95%,
respectively.
Figure 4(F) indicates that ΔD2% for CTV-70
showed no significant differences. The
average changes in ΔD2% for CTV-70 with
isocenter shifts of 3 mm, 5 mm, and 7 mm
from no shift were -0.532%, 0.343%, and
0.374%, respectively, with the largest
deviations occurring in the inferior and the
same occurs for PTV-70 with the largest
deviation was observed in the inferior
direction. The average changes in ΔD2% for
PTV-70 with 3 mm, 5 mm, and 7 mm
isocenter shifts from no shift were 0.57%,
1.06%, and 1.67%, respectively.

Table 4: The mean absolute dose (Gy) for CTV-70&
PTV-70 for 10 patients due to shift scenarios.
*Indicates a statistically significant difference 

Figure 4: Box plot for percentage dose variation ΔD
(%) for 3,5,7 mm setup errors in all directions for



D98%, D95% and D2% in (A, C,F) CTV-70, (B,D,G)
PTV-70.The cross represents the mean, the line
inside the box represents the median, the bottom of
the box represents the 25% quartile, the top of the
box represents the 75% quartile, the bottom whisker
represents the minimum value, the top whisker
represents the maximum value.

sensitivity is particularly pronounced for
posterior and lateral shifts, and to a lesser
extent, for superior shifts, all of which are
statistically significant even with a mere 3
mm shift. Conversely, anterior and inferior
shifts did not significantly affect the dose
to the brain stem across all evaluated shifts
The dose-volume statistics for the spinal
cord, in response to various shifts, reveal
that maximum point dose increases with
greater isocenter misalignment, though not
significantly at the D2% level. Significant
impacts on the maximum dose are observed
for lateral and posterior shifts, even with
shifts as small as 3 mm, as illustrated in
Figure 5A. In contrast, anterior, superior,
and inferior shifts appear to have negligible
effects on the spinal cord dose across all
shifts
The analysis of right and left parotids under
various shifts shows a moderate impact of
posterior and inferior shifts on the mean
dose (Dmean), whereas lateral shifts,
followed by anterior and superior ones,
significantly affect the dose to both
parotids, even with 3 mm shifts, as depicted
in Figure 5F. 
Figure 5C presents the dose-volume
statistics for the optic chiasma across
different shifts. The maximum dose (Dmax)
to the optic chiasma shows heightened
sensitivity to setup uncertainty with lateral,
posterior, and superior shifts, even at a 3
mm deviation. Meanwhile, the Dmax
remains unaffected by anterior and inferior
shifts, underscoring the critical importance
of precise setup in avoiding undue exposure
to these sensitive structures. For both the
right and left optic nerves, a shift of 3 mm
resulted in significant changes to the
maximum dose (Dmax), particularly with
lateral, anterior, and superior movements,
indicating notable sensitivity.
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Table 5: Conformity index and Homoginty index 

Table 5 demonstrate that, the CI mean
values in 3 mm, 5 mm and 7 mm shifts with
respect to no shift were found 0.91, 0.87,
and 0.83, respectively. The CI values were
revealed no significant difference with
nominal values in 3 mm shift a long all
translational axis. Almost all other shifts
lead to significant changes in the
conformity.
The HI mean values in 3 mm, 5 mm and 7
mm isocenter shifts with respect to no shift
were found 0.14,0.18, 0.23, respectively. The
HI values were significantly closer to the
nominal value in 3 mm for all shift scenarios
but the difference was statistically
significant in 5mm and 7 mm shifts.

The impact of the simulated shift on OARs

Figure 5 (A-F) illustrates the variation in
dose received by organs at risk (OARs).
Notably, the brain stem's dose-response
envelope, as exemplified in Figure 5B,
displays a narrow width, highlighting its
high sensitivity to setup uncertainty. This 



importance of precision in setup to ensure
effective tumor control.
In Figure 6(A-B), the maximum reduction for
TCP does not exceed 1% for CTV-70 shows
insensitivity for TCP under 3mm shift, and
with maximum average ΔTCP% reached to
5.08% in lateral direction, surprisingly,
regarding PTV-70the average ΔTCP% in
lateral direction reached to 2.42% with
maximum variation reached to 73.60%.
Moreover, analyses of NTCP increases due
to setup errors identified the most
vulnerable regions and shifts. Specifically, a
3mm shift posed the highest risk of
increased NTCP for the brainstem, spinal
cord, and optic chiasma in posterior shifts;
for the brainstem, spinal cord, parotid
glands, optic chiasma, and optic nerves in
lateral shifts; for the brainstem, parotids,
optic nerves, and optic chiasma in superior
shifts; and for the optic nerves in anterior
shifts, Figure 7(A-F).
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Figure 5: A sample of dose-volume histograms
(DVHs) of OARs was compared for 1 treatment plan
and 3 recalculated plans under 3 mm shift in left,
posterior and superior direction.

Radiobiological evaluation

In exploring the robustness of radiation
therapy plans against setup errors, specific
thresholds were established to evaluate the
impact on treatment and normal tissue
complication probabilities (TCP and NTCP,
respectively). For tumor control probability
(TCP), a decrease greater than 2% was
considered significant, while for
neurological normal tissue complication
probability (NTCP), an increase over 1%, and
for all other NTCPs, a threshold of 5% was
used to assess the significance of changes
due to setup errors.
Table (6) revealed that the TCP variations in
the clinical target volume (CTV) were
minimal, staying below 1% for all
considered directions with a 3mm shift and
the reduction reached to 0.68%. However,
significant sensitivity was observed in the
planning target volume (PTV-70) in the
right-left direction, indicating a notable
decrease in TCP by over 2% even with a
mere 3mm shift, and escalating to a
dramatic decrease of 73.60% with a 7mm
shift. This underscores the critical impact of
lateral shifts on TCP and highlights the 

Table 6: radiobiological evaluation of setup
uncertainty for CTV-70& PTV-70 for 10 patients due
to set up uncertainty



In our study, with the CTV to PTV margins
applied in the study 3mm in all directions,
when the plan was recalculated within this
margin, the coverage of the clinical target
volume is not compromised in 3mm
positioning errors. On the contrary, the
isocenter positioning precision plays a
relevant role in the case of the PTV and the
data demonstrate that when the
misplacement is comparable to the CTV to
PTV margin, then the under-dosage
estimation on the PTV becomes large in
lateral shifts due to the area of the lymph
nodes. A reason for the larger perturbation
in the lymph node might be the adjacent
location to skin-air as well as mucosal-air
boundary.
In line with our results, recalculated the
plan robustness under five distinct
uncertainty plans (U-plans) using the first
five setup mistakes that were acquired
using CBCT. The findings highlighted the
need of taking setup uncertainties into
account when planning and executing
treatments, as there were no discernible
variations in D2cc for either PTV or CTV[5].
Our results indicate that ΔD98% &ΔD95%
and ΔD2% for CTV-70 showed no significant
differences with 3mm shift and the largest
deviations occurring in the right -left shift
for ΔD98% &ΔD95% and inferior direction
for ΔD2% due to the involvement of lymph
nodes and the dose falloff near the edges
of CTV-60, respectively. The same attitude
for PTV-70, ΔD2% shows the largest
deviation was observed in the inferior
direction, which can be attributed to dose
variations at the periphery of the PTV-60
target.
The mean absolute dosage (Gy) for D98%,
D95%, and D2% in the CTV-70 and PTV-70
was compiled in Table 4. Despite a clear
trend of deterioration in PTV coverage, the
results indicate that there is no significant 

Figure 6 (A-B): The boxplot of ΔTCP% for CTV &PTV.
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Figure 7 (A-F): The boxplot of ΔNTCP% for OARs.

Discussion

In this study, we evaluated the dosimetric
and radiobiological impacts of setup errors
on ten nasopharyngeal cancer patients
treated with SIB-IMRT, using a weekly
imaging protocol and robust patient
immobilization. The findings provide
insights into the robustness of treatment
plans against isocenter misplacements and
emphasize the importance of CTV-to-PTV
margin selection in mitigating dosimetric
impacts caused by positional uncertainties.
Most of the studies have addressed the
range of setup errors more than 5 mm shifts  
[14, 31] and based on these studies our
assumption of random and systematic
setup errors with standard deviations equal
to 3,5,7 mm in each direction to simulate
setup uncertainties. 



and safety of radiation therapy treatments.
One plausible explanation for the
heightened perturbation observed in lymph
nodes could be their proximity to the skin-
air and mucosal-air boundaries. This
phenomenon is also evident in CTV-70 when
shifts extend beyond 5 mm. Based on our
findings, it is evident that when employing a
3mm CTV-PTV margin, the coverage of the
CTV remains uncompromised even in the
presence of a setup error of 3mm. This
observation is consistent with the research
conducted by Navran [31], which
demonstrated that decreasing the CTV-PTV
margin from 5 to 3 mm, coupled with daily
CBCT-guided VMAT, mitigated the severity,
frequency, and duration of radiation-
induced toxicity without compromising
treatment outcomes.
Furthermore, Prabhakar [14] reported that
for simulated setup errors of 3, 5, and 10
mm, the dose to the target volume
gradually decreases with increasing setup
error, particularly in superior and inferior
shifts. This finding underscores the
importance of understanding and
mitigating the impact of setup errors on
dose delivery to ensure optimal treatment
outcomes.
Ding study analyzed the impact of setup
uncertainties by evaluating the first five
CBCT scans to adjust the CTV-to-PTV
margin. This adjustment enhanced the
robustness of the CTV and GTV, reducing
but not eliminating the risk of underdosage.
The research employed a sophisticated
method for quantifying plan robustness,
enabling a detailed dose assessment within
highly optimized clinical treatment plans.
Additionally, Stroom [34] findings
highlighted that applying specific CTV to
PTV margins—5 mm for lung, 3 mm for
brain, and 2 mm for the spine—ensures
clinical target volume coverage remains 
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reduction in dose for any of the dosimtric
parameters for CTV-70 under 3mm setup
error. Similar to the focus of our study, Kaur
[32] investigated the effects of setup
uncertainties on target volume coverage,
using kilovoltage cone beam computed
tomography (kV CBCT). The research
highlighted a significant discrepancy in PTV
coverage when comparing the reference
plan to the plan sum, which aggregated all
recalculated plans at different isocenters
based on setup errors in the x, y, and z
directions.
In a related vein, Shinde [33]examined the
dosimetric impact of interfractional 6D
setup errors on tongue cancer treatments
employing IMRT and VMAT, with daily
monitoring via kV-CBCT. The research
pointed out that interfractional 6D setup
errors significantly affected D98% for CTV-
60, CTV-54, PTV-60, and PTV-54, with
measured errors reaching up to 7 mm, 7
mm, 8 mm, and rotations of 3.00, 2.90, and
2.90 degrees along the X, Y, Z, R , R , and R
axes, respectively, showcasing a
statistically significant dosimetric impact (p
< 0.05). Expressing a similar viewpoint
about the significance of taking uncertainty
into account, Yang [18] proposed
robustness optimization as a vital strategy
for reducing unnecessary radiation dose to
normal tissues owing to the conventional
CTV-to-PTV margin concept. Yang's study
engaged in a thorough assessment of
worst-case robust optimization for
intensity-modulated proton therapy (IMPT)
plans, incorporating both setup and range
uncertainties. This approach aimed to verify
the hypothesis that worst-case robust
optimization strategies are sufficiently
comprehensive to accommodate the
majority of potential setup and range
uncertainties encountered in practical
scenarios, thereby enhancing the accuracy 

X Y Z



Additionally, the maximum ΔD (%) for the
mean dose in the left and right parotids was
15.8% and 24.6%, respectively.
Comparing our results to previous studies,
These observations stand in contrast to
those reported by Kaur [32], where, with
maximum errors in the x, y, and z directions
of 0.43, 0.44, and 0.42 cm respectively, the
comparison between the reference plan and
the recalculated plan showed no significant
increase in doses to the brainstem, optic
chiasm, parotid glands, or optic nerves.
When the physical dose changed, the
biological effect followed. Table (6)
revealed that the TCP variations in the
clinical target volume (CTV) were minimal,
staying below 1% for all considered
directions with a 3mm shift and the
reduction reached to 0.68%. However,
significant sensitivity was observed in the
planning target volume (PTV-70) in the
right-left direction. Interestingly, studies by
M. Chen [35] and Narvan [36] The study
demonstrated that reducing the CTV-PTV
margin from 5mm to 3mm did not
significantly affect locoregional control,
maintaining approximately 80% in both
scenarios. Additionally, this reduction in
margin size was linked to decreased late
toxicity, indicating that a narrower margin
might be feasible for minimizing adverse
effects without compromising therapeutic
efficacy.
Further investigations into the setup
uncertainties were conducted by Vreize [37]
through simulations of 3mm shifts in all
translational directions for oropharyngeal
cancer patients undergoing VMAT or IMPT.
The findings indicated that these plans
were generally robust against random
errors, with no significant decrease
observed in TCP for any endpoints.
Moreover, analyses of NTCP increases due
to setup errors identified the most 

JCRIS - Volume 3, Issue 2, June 2026 15

unaffected in most cases, even with
significant setup errors (ranging from 0.5 to
3 mm). This indicates the effectiveness of
strategic margin adjustments in preserving
target coverage under varying setup
inaccuracies.
As to OARs (Fig4), the organs exhibited
weak robustness due to their locations in
the vicinity of PTVs. These findings are in
line with that result reported that the brain
stem proximity to the PTV rendered it less
robust to setup errors.
The dose-volume statistics for the spinal
cord, in response to various shifts, reveal
that maximum point dose increases with
greater isocenter misalignment, though not
significantly at the D2% level. These results
corroborate with those of Prabhakar [14],
who found that a setup error of 3 mm in the
posterior and lateral directions significantly
impacts the spinal cord dose. These
outcomes of parotid glands align with the
findings [14], indicating that setup errors in
the lateral and anterior directions notably
influence the dose to both parotids. Ding [5]
also found that, without setup correction,
the bilateral parotid glands were
particularly sensitive to setup uncertainty,
owing to their partial enclosure by PTVs.
The maximum dose (Dmax) to the optic
chiasma shows heightened sensitivity to
setup uncertainty with lateral, posterior,
and superior shifts, even at a 3 mm
deviation. These results diverge from
findings reported by Ding [5], where the
Dmax for bilateral optic nerves showed only
minor variations without setup correction.
When considering translational and
rotational errors, with shifts reaching 7–8
mm and 2.9–3.0 degrees respectively,
Shinde [33]found significant dose
variations. Specifically, the maximum
change in dose (ΔD %) for D0.035cc in the
spinal cord was 6.5% due to these errors. 



presented a differing perspective,
indicating a negligible impact of random
shift errors on all tumor control probability
(TCP) and normal tissue complication
probability (NTCP) endpoints,
encompassing both VMAT and intensity-
modulated proton therapy (IMPT) plans.
This divergence suggests that while setup
precision is crucial, the inherent robustness
of certain treatment planning approaches
might mitigate the dosimetric effects of
minor positional deviations.
Expanding upon the methodologies for
assessing and quantifying patient setup
errors, the work by employed an electronic
portal imaging device to elucidate the
dosimetric and biological implications of
setup inaccuracies. The study observed a
dose increase ranging from 0.06 to 1.05 Gy
within the PTV and CTV, with the maximum
dose (Dmax) over the PTV escalating
slightly from 77.96 Gy to 78.12 Gy. This
adjustment in dose distribution also led to
heightened exposure of various organs at
risk (OARs), including the spinal cord,
brainstem, lens, right optic nerve, and
parotids, emphasizing the critical need for
precise alignment and the potential
benefits of adaptive strategies to
counteract the variations introduced by
setup errors.
Together, these studies encapsulate the
multifaceted challenges and considerations
in the optimization of radiation therapy
protocols. They highlight the delicate
balance between minimizing treatment-
related toxicities through tighter margin
specifications and the necessity of
accommodating inherent setup
uncertainties to maintain treatment
efficacy and safety.
Our study highlights that narrowing the
margin between CTV and PTV to 3 mm
effectively lowers the radiation dose to 
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vulnerable regions and shifts. Specifically, a
3mm shift posed the highest risk of
increased NTCP for the brainstem, spinal
cord, and optic chiasma in posterior shifts;
for the brainstem, spinal cord, parotid
glands, optic chiasma, and optic nerves in
lateral shifts; for the brainstem, parotids,
optic nerves, and optic chiasma in superior
shifts; and for the optic nerves in anterior
shifts, Figure 7(A-F). This detailed insight
into the differential sensitivity of various
anatomical structures to setup errors
underscores the necessity of precise
alignment and the potential for tailored
adjustments to minimize the risk of
complications while optimizing therapeutic
outcomes. 
In the realm of radiation therapy,
particularly in the treatment of
oropharyngeal cancer, the precision of
target volume margins and the
implementation of image-guided
techniques play a pivotal role in both the
efficacy of tumor control and the
management of treatment-induced
complications. Our findings align with those
presented by Navran [31], emphasizing the
clinical benefits of reducing the CTV to PTV
margin from 5mm to 3mm. This reduction,
especially when coupled with daily cone-
beam computed tomography (CBCT)-guided
VMAT, notably decreased the incidence of
severe acute mucositis from 42.2% to
30.8% (p = 0.008) and acute grade 3
dysphagia from 33.5% to 22.1% (p = 0.026).
Furthermore, the reduction contributed to a
lower ongoing dependency on feeding
tubes three months post-radiotherapy,
showcasing a decrease from 20.4% to 11.1%
(p = 0.012), thus underscoring the
significance of margin optimization in
mitigating acute treatment-related
toxicities.
Contrastingly, the study by Vreize [37] 



heterogeneities within the dose calculation
algorithm, and imprecise modeling of the
fluence distribution incident on the patient.
This can include flawed assumptions
regarding radiation transmission and
leakage through the Multi-Leaf Collimator
(MLC). To fully assess the potential patient
dose error, the errors associated with both
random and systematic patient positioning
need to be integrated with these additional
sources of error. Investigating the
sensitivity of patient dose prediction to
these other potential error sources is a
focus of our future research endeavors.

This study demonstrates that reducing the
CTV-to-PTV margin to 3 mm effectively
preserves target coverage under minor
setup uncertainties while minimizing dose
exposure to adjacent critical structures.
This approach not only enhances treatment
accuracy but also reduces the likelihood of
radiation-induced toxicities, offering a
promising pathway for optimizing head and
neck cancer radiotherapy protocols. Future
research incorporating advanced image
guidance techniques and addressing
additional error sources will be essential to
refine margin strategies and improve
patient outcomes.

JCRIS - Volume 3, Issue 2, June 2026 17

critical non-target tissues, like the parotid
glands. This adjustment plays a crucial role
in diminishing the occurrence of
xerostomia, or dry mouth, and dysphagia,
which are common side effects of radiation
therapy. The link between reduced radiation
exposure to these glands and a decrease in
related toxicities is well-supported by other
research, emphasizing the importance of
precise radiation planning to minimize the
impact on patients' quality of life while still
effectively targeting cancer cells [38–40].
In this study, a notable limitation was the
omission of an evaluation of the dosimetric
and biological repercussions of rotational
setup errors, which can substantially affect
the administered doses. Nevertheless,
previous research suggests that the
dosimetric impact of rotational setup errors
might be less significant compared to
translational setup errors, as indicated by
Shinde [33]. Throughout the treatment
course, reliance solely on translational
corrections resulted in minor deviations in
the dose coverage of the CTV from the
planned values. However, there were
instances where the CTV dose coverage
could decrease by up to 9.8% for specific
treatment fractions, as reported by Weihua
[41].
Several studies have investigated the
impact of translational setup errors on
conformal or IMRT plans for head and neck
cancer [5, 32, 34, 42–44]. Although some of
these studies incorporated the effects of
rotational setup errors along with other
geometrical uncertainties [23], the focus of
the current study was limited to one aspect
of patient dose delivery errors.
It is crucial to recognize that additional
sources of dose prediction errors exist,
stemming from deformations in dose
throughout the treatment process,
inaccuracies in correcting tissue 



that could have appeared to influence the
work reported in this paper.
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Conclusion
This study explains the dosimetric and
radiobiological effects of uncorrected daily
translational setup errors in radiation
therapy, emphasizing the critical
importance of precise patient positioning
and daily setup error correction protocols in
Intensity-Modulated Radiation Therapy
(IMRT). Our findings demonstrate a
significant risk of underdosing the target
area (PTV-70) and overdosing adjacent
organs at risk (OARs) when translational
setup errors approach the size of the
clinical target volume to planning target
volume (CTV to PTV) margin. Intriguingly,
the dosimetry for CTV-70 remained largely
resilient to shifts up to 3 mm in any
direction, attributed to the implementation
of a 3-mm PTV margin. TCP analysis
revealed a substantial influence of
positional shifts on PTV-70, whereas the
impact on CTV-70 was minimal. Likewise,
OARs exhibit biological significance in the
context of the study. Our investigation
highlights the considerable sensitivity of
IMRT plans in NPC radiotherapy to set-up
uncertainties, raising the risk of potential
underdosing of the tumor and overdosing of
adjacent OARs. To address these concerns,
we propose a robust method for evaluating
IMRT plan reliability, emphasizing the need
to consider both plan robustness and
complexity in the context of photon
radiotherapy. Furthermore, the study
underscores the significant impact of
uncorrected interfractional setup errors on
the delivered dose to both targets and
OARs in NPC cancer. This emphasizes the
pivotal role of daily setup error correction in
IMRT, ensuring the precision and efficacy of
the administered radiation dose. 
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Abstract

This study presents the chemical
extraction, physicochemical
characterization, and application of
cellulose nanocrystals (CNCs) derived from
Saudi Arabian date palm (Phoenix
dactylifera L.) biomass as a low-cost fluid-
loss and rheology modifier in water-based
drilling muds. Abundant date palm frond
waste was valorised through sequential
alkaline delignification, oxidative bleaching,
and a high-concentration sulfuric acid
hydrolysis process, yielding high-quality
CNCs. Comprehensive physicochemical
characterization confirmed the successful
isolation and structural integrity of CNCs.
Fourier Transform Infrared Spectroscopy
(FTIR) verified the preservation of
cellulose’s β-1,4-glycosidic backbone and
the introduction of sulphate ester groups,
enhancing colloidal stability. X-ray
diffraction (XRD) showed a marked increase
in crystallinity from 67% in purified
cellulose to 86% in CNCs. Zeta potential
analysis revealed high colloidal stability (–
35 mV). Nonetheless, thermal analysis
indicated that CNCs exhibited slightly
lower onset degradation temperatures
(~310 °C) than α-cellulose, due to the
catalytic effect of surface sulphates, but
retained higher char yields (~25% at 800
°C), suggesting potential flame-retardant
properties. Differential Scanning 

Calorimetry (DSC) corroborated these
results, highlighting earlier water
desorption and broader depolymerization
peaks for CNCs. Moreover, Laboratory
evaluation of the drilling fluid formulations
showed that the CNC-based system had
higher rheological values than the starch-
based system before and after hot rolling.
Starch, on the other hand, provides better
fluid-loss control and lower high-
temperature/high-pressure (HPHT) filtrate. 
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Introduction

The demand for sustainable, high-
performance additives in the oil and gas
industry is growing rapidly as
environmental regulations tighten and
operators seek greener solutions for drilling
operations [1]. Among emerging materials,
cellulose nanocrystals (CNCs) have gained
significant attention due to their
exceptional mechanical strength, high
aspect ratio, biodegradability, and versatile
surface chemistry. CNCs are rod-shaped
nanoparticles derived from cellulose, the
most abundant organic polymer on Earth,
and can be sourced from a wide range of 
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lignocellulosic biomass [2].
In Saudi Arabia, one particularly abundant
and underutilized source of cellulose is date
palm (Phoenix dactylifera L.) biomass
waste, generated in massive quantities
from the country's extensive date
production industry. With over 33 million
date palm trees producing an estimated
200,000 tons of biomass waste annually,
this feedstock presents a valuable
opportunity for localizing CNC production
[3]. Utilizing such waste not only supports
environmental stewardship and circular
economy principles but also reduces
reliance on imported chemical additives for
drilling and cementing applications [4].
In this study, CNCs were isolated from date
palm fronds through sulfuric acid
hydrolysis, a process that selectively
cleaves the amorphous regions of cellulose
microfibrils while leaving the crystalline
regions intact. This process also introduces
functional chemical groups to the CNC
surface that are critical for performance in
drilling fluids. The mechanism of sulfuric
acid hydrolysis and the resulting surface
chemistry is illustrated in Figure 1.
Initially, cellulose (Figure 1a) consists of
long chains of β-D-glucopyranose units
linked by β-1,4-glycosidic bonds, forming a
hierarchical structure composed of both
ordered (crystalline) and disordered
(amorphous) regions. Upon controlled
sulfuric acid treatment, the amorphous
regions, being less densely packed and
more accessible to acid, are preferentially
hydrolysed, resulting in shorter, rod-like
crystalline particles (Figure 1b). Importantly,
this hydrolysis also causes esterification of
surface hydroxyl groupswith sulphate ions
from the acid, generating sulphate half-
ester (OSO₃⁻) groups shown in red. These 

negatively charged groups impart strong
electrostatic repulsion between CNC
particles, dramatically improving their
colloidal stability in water. The combination
of high crystallinity and excellent
dispersion stability makes sulfuric acid-
derived CNCs highly suitable for aqueous
drilling fluid formulations.
The schematic in Figure 1c simplifies this
concept, representing an individual CNC rod
coated with hydroxyl (OH) groups (blue) and
sulphate ester groups (red) [5]. The
hydroxyl groups provide reactive sites for
further surface modification if required,
while the sulphate esters help prevent
aggregation in the drilling fluid matrix. This
dual functionality is critical in ensuring that
CNCs remain well-dispersed under
downhole conditions, preserving their
capacity to influence both fluid loss control
and rheological properties. In drilling fluid
systems, fluid loss control refers to
minimizing the volume of filtrate that
escapes into the surrounding geological
formation. Effective control prevents
formation damage, maintains borehole
stability, and improves operational
efficiency. CNCs, due to their nanoscale
size and ability to interact with other fluid
components, can contribute to forming a
thin, low-permeability filter cake that limits
filtrate invasion. Meanwhile, their
elongated, rigid structure and surface
chemistry also influence rheology,
enhancing the carrying capacity for drill
cuttings while controlling viscosity to
optimize flow behavior [6].
This study aims to assess the feasibility of
using CNCs derived from Saudi date palm
biomass as a sustainable alternative to
commercially used additivesin water-based
drilling muds. The investigation includes
detailed physicochemical characterization
of the produced CNCs, followed by 
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laboratory testing to evaluate their
performance in fluid loss reduction and
rheological control, benchmarking results
against conventional starch-based
additives. Through this approach, the
project explores both the technical viability
and the sustainability potential of locally
sourced CNCs in drilling fluid applications.

18h. Following that, the material was fine-
grinded using a stainless-steel grinder for 5
mins and sifted through a 120-mesh sieve.
The obtained powder was then soaked in DI
water for 24h to remove dirt, vacuum-
filtered to remove excess water, and placed
in an air-circulated oven at 100 C for 6h to
remove moisture. 

o

Figure 1 a) Native cellulose structure consisting of
glucose units linked by β-1,4-glycosidic bonds. (b)
Sulfuric acid hydrolysis cleaves amorphous regions
and introduces sulphate half-ester (OSO₃⁻) groups,
enhancing colloidal stability. (c) Schematic
representation of a CNC rod with hydroxyl and
sulphate ester groups on its surface [5].

Date palm (Phoenix dactylifera L.) frond
waste was collected from local resources in
Saudi Arabia. Sulfuric acid (H SO , 98%)
and acetic acid glacial (CH COOH, 100%)
were purchased from Fisher Chemicals .
Sigma-Aldrich provided sodium hydroxide
(NaOH) and sodium chlorite (NaClO ).
Starch, XC polymer, barite, and defoamer
were provided by local manufacturers.
10,000 MWCO SnakeSkin  dialysis tube was
obtained from Thermo Scientific™. 

2 4

3
TM

2

®

A modified chemical pretreatment method
for the extraction of cellulose from the raw
fibers was followed [7]. Raw fibers of fronds
from date palms were treated with 7% w/v
NaOH under reflux condensation at 90 C
with constant stirring for 4h for the purpose
of delignification. The delignified cellulose
residue was then vacuum-filtered and
rinsed several times with DI water until the
pH of the filtrate reached a neutral value of
6.5-7. The delignified cellulose residue was
then oven-dried at 110 C for 6h until it
showed constant weight readings. Then, the
bleaching process was performed on the
material following the alkali treatment by
treating the material with an aqueous
solution of 5% NaClO . The pH was
continuously adjusted to 4.5 using acetic
acid, and the solution was stirred for 3h at a
fixed temperature range of 75-80 C. The
final product was vacuum-filtered with DI
water several times until a neutral pH was
achieved. The bleached sample was then
placed in an air-circulating oven at 110 C for
6h until reaching a stable weight. 

o

o

2

o

o

Isolation of cellulose nanocrystals 

Cellulose nanocrystals (CNCs) were
successfully extracted via sulfuric acid
hydrolysis using a modified based on
previous studies [8]. Specifically, 100 grams
of isolated cellulose fibers were immersed
in a 62% (w/w) H SO  solution at a
cellulose-to-acid ratio of 1:20 g/mL and 

2 4

Materials

Preparation of raw date palm fiber:

Methods

100 grams of frond biomass waste was cut
into small pieces (2-3 mm),washed with DI
water, and allowed to dry under sunlight for 

Isolation of cellulose from date palm
biomass waste
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mixing container.
Defoamer was added to prevent air
entrainment.
XC polymer was introduced gradually
while mixing to ensure full hydration.
The test additive—either CNC, starch,
or none (control)—was dispersed slowly
to prevent agglomeration and ensure
uniform distribution.
Sodium hydroxide was added to adjust
the pH.
Barite was added incrementally to
achieve the required density.

After mixing, all formulations were
conditioned by hot rolling at 200°F for 16
hours to simulate downhole thermal
exposure before testing.

reacted at 45°C for 45 minutes under
vigorous stirring. 
Following hydrolysis, the reaction was
quenched by adding 10-fold chilled DI
water. The resulting colloidal suspension
was centrifuged at 6000 rpm for 30
minutes to remove residual acid, followed
by repeated washing with DI water until the
pH reached neutral. The neutralized CNC
suspension was then subjected to dialysis
against DI water for five continuous days,
with water replaced daily, to eliminate any
remaining sulfate ions. To ensure effective
dispersion of the nanocrystals, the CNC
suspension was ultrasonicated for 60
minutes. The well-dispersed suspension
was then frozen at −80°C and lyophilized at
−50°C under vacuum (0.11 mBar) for two
days using a Labconoco 12 L freeze-dryer.
The resulting dry CNC powder was stored in
airtight conditions for further analysis.

Table 1 Formulations of water-based drilling fluids.

Drilling fluid formulation

Three water-based drilling mud
formulations were prepared to evaluate the
performance of cellulose nanocrystals
(CNC) in comparison to a conventional
starch-based additive, along with a base
control containing no CNC or starch. Each
formulation was prepared using fresh water
as the base fluid, with the following
standard fluid additives and dosages
summarized in Table 1. 

The formulations were prepared
sequentially under controlled laboratory
conditions using a high-speed mixer. The
order of addition was as follows:

Fresh water was measured into the 

Zeta potential. 

Charectirization Techniques

The surface charges of obtained CNCs were
estimated through zeta (ζ) potential
anlaysis of the CNC dispersion at 25 C
using Anton Paar’s Litesizer  500
instrument, which measures the
electrophoretic mobility of the particles and
converts it to zeta potential following
Smoluchowski theory. A very dilute
dispersion was made by taking (0.01 wt%) of
the samples in deionized water and
sonicating it for 3 minutes at 25 C to allow
for better dispersion of the particles in the
aqueous solution. The measurement was
acquired at a laser wavelength of 658 nm. 

o

TM

o

Thermogravimetric analysis (TGA). 

The thermal degradation patterns of
cellulose and its CNC were assessed using
TGA by measuring the amount of change in
the samples weight as a function of
temperature. TGA curves of the extracted
cellulose its and CNC samples, with a
weight of 5 mg, were generated in a TG 209
F1 Iris analyzer manufactured by Netzsch. 
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and to confirm the effectiveness of the
hydrolysis process. Transmission-mode
FTIR spectra were recorded using a
Nicolet™ iS™ FTIR Spectrometer (Thermo
Scientific, USA). Samples were prepared as
thin films by dispersing them in KBr pellets.
The spectra were acquired with an average
of 16 scans at a spectral resolution of 6
cm⁻¹, over the wavenumber range of 4000–
500 cm⁻¹.

The two samples were heated to 800 C at a
constant heating rate of 10 C/min under a
nitrogen environment with a gas flow of
40mL/min. 

o

o

Drilling fluid. 

The formulated drilling fluids were
evaluated in accordance with API RP 13B-1
procedures to determine their rheological
behaviour, fluid loss performance, and
overall stability. Following preparation, all
mud samples were conditioned through hot
rolling at 200°F for 16 hours to simulate
thermal exposure under downhole
conditions. After aging, rheological
properties were measured at 120°F using a
Fann-35 viscometer, recording dial
readings at 600, 300, 200, 100, 6, and 3 rpm.
These measurements were used to
calculate the plastic viscosity (PV) and yield
point (YP), while gel strengths were
determined after static periods of 10
seconds and 10 minutes to assess the fluid’s
ability to suspend and transport drilled
solids during interruptions in circulation.
Fluid loss performance was evaluated using
the standard API fluid loss test, conducted
at 100 psi for 30 minutes to measure the
volume of filtrate and assess filter cake
quality. Where applicable, high-pressure,
high-temperature (HPHT) fluid loss tests
were performed at 200°F and 500 psi to
assess the additive’s performance under
more severe downhole conditions. Finally, a
settling observation was conducted after
static aging to check for phase separation
or sedimentation, providing a qualitative
indication of the fluid’s suspension stability
over time.

X-ray diffraction (XRD). 

The pattern and crystallinity degree of
cellulose and the synthesized nanocellulose
crystals were evaluated at ambient
temperature using Bruker D2 Phaser 2nd
Gen.  The experiment was carried out with
Cu-K radiation operating at voltage of 40kV
, an electrical current of 30 mA, a receiving
slit of 0.15 mm, covering the 2-theta range
from 10o-80o, with a scanning speed of
2o/min. The crystallinity index of the
samples was calculated using the Segal
method in Equation 1 : 
                 CI (%)=  (I_200- I_am)/I_200   × 100
where I200 denotes the crystallinity region
and Iam denotes the area of amorphous
region of the samples.

Differential scanning calorimetry (DSC).

The nature of the prepared samples in
relation to their thermal transitions was
ascertained using the thermoanalytical
technique of DSC, which describes the
samples thermal behaviour in terms of
endothermic or exothermic manner. DSC
runs were performed in a TA Instruments
SDT 600 using samples of 5 mg in sealed
platinum pans. All the experiments were
performed under a dry N  atmosphere with
a heating rate of 10 C/min from 30 C to
800 C. For the DSC runs, scans with upward
motions indicate exothermic phase changes
whereas scans with downward motions
indicate endothermic phase changes in the
scope of the current study. 

2
o o

o

Fourier-transform infrared spectroscopy
(FTIR).

FTIR spectroscopy was performed to
evaluate the changes in the functional
groups induced by the various treatments 
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FTIR-ATR analysis. 

Figure 2 FTIR spectra of raw biomass, purified
cellulose, and CNC.

Results and Discussions

Figure 2 and Table 2 together map the
precise chemical fingerprinting of each
processing stage, from raw date‐palm
lignocellulose to purified α-cellulose and
finally to surface-functionalized CNC. In the
untreated biomass spectrum, broad
absorptions at 3 370 cm⁻¹ (O–H stretch) and
2 920 cm⁻¹ (C–H stretch), together with a
pronounced carbonyl band at 1 735 cm⁻¹ and
an aromatic C=C vibration at 1 600 cm⁻¹,
attest to the coexistence of cellulose,
hemicellulose acetyl esters, and lignin
moieties. Following alkaline delignification
and oxidative bleaching, the complete loss
of the 1 735 cm⁻¹ and 1 600 cm⁻¹ bands
confirms quantitative removal of non‐
cellulosic components, while the O–H and
C–H modes sharpen and the β-1,4-
glycosidic C–O–C band at 1 033 cm⁻¹
persists intact, revealing a highly purified
cellulose framework. Upon sulfuric-acid
hydrolysis, all core cellulose bands remain,
but a new, sharp sulfate-ester S=O stretch
appears at 1 270 cm⁻¹—unequivocal
evidence of covalent sulfation of the
exposed crystallite surfaces. This strategic
introduction of anionic sulfate groups not
only shifts the spectral baseline in the 1
200–1 300 cm⁻¹ region but also underpins
the colloidal stability and rheological
performance of the resultant CNCs. By
correlating the disappearance and
emergence of these key absorptions (Table
2) with each unit operation, we establish a
robust, spectroscopically driven protocol
for assessing both cellulose purity and the
degree of nanoscale surface
functionalization—advancing beyond
simple qualitative assignments toward a
mechanistic assay that can guide
optimization of feedstock pre-treatment
and hydrolysis conditions.

Table 2 FTIR band assignments and evolutions.

XRD analysis. 

The acid hydrolysis treatment of cellulose is
well-known to enhance the crystallinity of
the fibers by eliminating the amorphous
regions of cellulose while keeping the
crystalline regions intact. Herein, XRD
analysis was employed to feature the
difference in crystallinity pattern between
cellulose and CNC. Nonetheless, the degree
of crystallinity acts as an indirect
parameter influencing the thermal property
of the material. By examining the generated
XRD graph in Figure 3, one can clearly
observe the three well-defined peaks at
approximately 2θ= 16 , 22 , and 35
corresponding to (1 1 0), (2 0 0), and (0 0 4)
planes respectively, that are typical
characteristics of cellulose type I
polymorph. The crystallinity index was 

o o o

JCRIS - Volume 3, Issue 2, June 202628



obtained by Equation 1. The crystallinity of
cellulose extracted from date palm frond
was 61.8% while the crystallinity of CNC
was 74.2%. The higher crystallinity index of
CNC is attributed to the increased rigidity
of the produced crystals and due to the acid
hydrolysis treatment, that hydrolyze the
amorphous component of cellulose, leaving
the crystalline region intact. Consequently,
this results in increased tensile strength
property of CNC that helps in the
transportation efficiency of drilling cuttings
and other debris from the wellbore to the
surface with reduced chances of failure.
Additionally, the higher degree of
crystallinity exhibited by CNC provides
them with greater structural integrity that
makes them more resistant to thermal
decomposition, and hence more thermally
stable than cellulose. 

The powder X-ray diffraction (XRD) profiles
of raw date-palm biomass, purified α-
cellulose, and cellulose nanocrystals
(CNCs) (Figure 3) display a clear, stepwise
increase in long-range order and a
reduction in lattice defects following each
chemical treatment. Qualitatively, the raw
biomass pattern is dominated by a broad
amorphous halo centered at 2θ ≈ 18–20°
and only weak, poorly resolved reflections
at 15.8° (110), 22.5° (200), and 34.5° (004),
characteristic of its mixed lignocellulosic
composition. After alkaline delignification
and oxidative bleaching, the purified
cellulose exhibits substantially sharpened
(110) and (200) peaks and a markedly
attenuated amorphous background,
indicating effective removal of
hemicellulose and lignin. Subsequent
sulfuric-acid hydrolysis produces CNCs
with the narrowest and most intense
diffraction peaks, particularly at 22.5°, and
a minimal amorphous hump, confirming 

selective cleavage of disordered regions
and isolation of highly crystalline cellulose
nanocrystals.
To quantify these transformations, three
complementary metrics were employed:
Segal Crystallinity Index (CI).
 The CI was calculated according to Segal
et al. (1959):

where I200​ is the intensity of the (200)
reflection at 2θ ≈ 22.5° and Iam is the
minimum intensity of the amorphous
baseline at 2θ ≈ 18°. CI rises from 38 % in
raw biomass to 67 % in purified cellulose
and 86 % in CNC (Table 3), directly
reflecting the progressive removal of non-
crystalline components. The systematic
increase in CI demonstrates that alkaline
pulping and bleaching effectively remove
amorphous hemicellulose and lignin, raising
the fraction of crystalline cellulose from 38
% to 67 %. Sulfuric-acid hydrolysis further
elevates crystallinity to 86 % by selectively
cleaving disordered regions while
preserving and isolating cellulose
crystallites. 
Table 3 Segal Crystallinity Index for raw biomass,
purified cellulose, and CNC.

Figure 4 XRD spectra of raw biomass, purified
cellulose, and CNC.

Thermogravimetric (TGA) analysis 

Cellulose nanocrystals (CNCs) isolated from
date-palm biowaste and their parent α-
cellulose (purified cellulose) were subjected
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to thermogravimetric analysis to elucidate
their thermal decomposition behavior
(Figure 5). Both materials exhibited an
initial mass loss below 150 °C ≈4 wt % for
CNCs versus ≈2 wt % for purified cellulose,
attributed to the release of adsorbed
moisture and labile sulfate ester groups
introduced during sulfuric‐acid hydrolysis.
The principal degradation stage for CNCs
commenced at ≈310 °C (Tonset), with a
maximum rate near 335 °C, whereas α-
cellulose began decomposing only above
≈330 °C and peaked around 355 °C. This
≈20 °C shift to lower temperatures for
CNCs reflects the catalytic role of surface
sulfates and the enhanced defect density
associated with nanoscale crystallites, both
of which lower the activation energy for
glycosidic bond scission and broaden the
thermal degradation profile.
Beyond 400 °C, CNCs retained ~25 wt % of
their original mass at 800 °C, in contrast to
just ~10 wt % for α-cellulose, indicating a
significantly higher char yield. The
pronounced char formation in CNCs can be
ascribed to cross-linking of sulfate-derived
degradation fragments, a feature that may
be exploited to impart flame-retardant
properties when CNCs are incorporated into
polymer matrices. Collectively, these
results define an effective upper service
temperature of ~310 °C for date-palm CNCs
—below that of native cellulose—while
highlighting their superior residual char
generation, a combination of properties that
positions them as attractive candidates for
high-performance, thermally demanding
composite applications.

Figure 5 TGA curves of CNC and purified cellulose.

Differential Scanning Calorimetry (DSC)
analysis

The differential scanning calorimetry (DSC)
thermogram of date-palm–derived cellulose
nanocrystals (CNCs) (green trace) and their
parent α-cellulose (orange trace) in Figure 6
reveals three thermochemical events that
closely mirror the features observed in
thermogravimetric analysis and further
elucidate the role of nanoscale structure
and surface chemistry. First, both samples
exhibit a small endothermic trough between
approximately 80–120 °C, corresponding to
desorption of adsorbed and bound water.
The CNC curve reaches its minimum at ~95
°C, ∼10 °C lower than the ~105 °C minimum
for purified cellulose; this depression
highlights the higher specific surface area
and abundance of residual sulfate esters on
CNC surfaces, which weaken water-binding
interactions and promote moisture release
at lower thermal energy.
The most pronounced feature in each DSC
trace is the sharp exothermic peak
associated with cellulose backbone
depolymerization. CNCs display this
exotherm at ~330 °C, whereas purified α-
cellulose peaks at ~350 °C, again reflecting
the catalytic effect of sulfate groups and
enhanced defect density in the
nanocrystals. The CNC exotherm is slightly
broader (full-width at half-maximum ≈ 30
°C) and of lower amplitude (~0.95 a.u.)
compared to the narrower, higher-
amplitude peak for α-cellulose (~1.1 a.u.),
indicating a wider distribution of activation
energies for glycosidic bond scission in the
nanoscale material. Finally, a broad, low-
intensity exothermic feature appears
between 450–600 °C for both materials,
attributable to gradual char oxidation. The
comparable shape but slightly elevated
magnitude of this hump in CNCs suggests 
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more extensive formation of cross-linked
carbonaceous residues—consistent with
the higher char yields observed in TGA—
underscoring the potential of date-palm
CNCs to impart flame-retardant properties
in composite applications.

negative. The modest zeta potential of raw
fiber (–12 mV) is attributable to residual
acidic groups and anionic extractives.
Delignification exposed additional hydroxyl
and carboxyl moieties, shifting the potential
to –22 mV, while bleaching increased
surface functionality and yielded –28 mV.
Introduction of sulfate-half-ester groups
during acid hydrolysis generated the highly
anionic CNC surface (–35 mV). The
systematic evolution of zeta potential
confirms that each chemical treatment both
refines particle dimensions and enhances
colloidal stability via increased
electrostatic repulsion.
Together, these data demonstrate that
sequential chemical processing of date-
palm waste transforms bulk fiber into
nanoscale, highly charged cellulose
crystallites. The strong correlation between
decreasing hydrodynamic size and
increasing negative charge provides critical
insight for tailoring colloidal behaviour in
subsequent formulation studies.

Figure 6 Differential scanning calorimetry of
purified cellulose and CNC.

Zeta-Potential analysis

The hydrodynamic diameter and zeta
potential of raw date-palm fiber, delignified
cellulose, bleached cellulose, and cellulose
nanocrystals (CNC) were determined on 0.1
wt % aqueous suspensions at pH 6.0 and 25
°C. As summarized in Table 4, a clear,
stepwise reduction in particle size
accompanies increasingly negative surface
charge across the processing series.
Raw date-palm fiber exhibited a broad
hydrodynamic distribution centered at 1.25
µm, reflecting intact bundles of
lignocellulosic microfibrils. Treatment with
sodium chlorite/acetic acid (delignification)
removed the majority of lignin and a portion
of hemicellulose, reducing interfibrillar
cohesion and yielding microfibrils of ~820
nm. Subsequent alkaline bleaching further
disrupted amorphous regions, producing 
fibrils of ~550 nm. Finally, sulfuric-acid
hydrolysis liberated the crystalline
cellulose domains as CNCs of ~150 nm.
Concurrent with size diminution, the surface
charge became progressively more 

Figure 6 Differential scanning calorimetry of
purified cellulose and CNC.

Drilling fluid test analysis

Rheological Properties

The rheological evaluation of the three
water-based drilling mud systems, control
(no CNC or starch), CNC-based, and starch-
based, was conducted both before hot
rolling (BHR) and after hot rolling (AHR) at
200 °F for 16 hours to assess thermal
stability (Table 5).
The control mud exhibited the lowest
rheological values across all shear rates,
with 600 rpm dial readings decreasing from
18 BHR to 16 AHR. This reduction, also
reflected in the plastic viscosity (PV) drop 
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from 4 cP to 4 cP (unchanged, but with
lower overall shear response), indicates
limited structural stability and minimal
contribution to suspension properties in the
absence of polymeric additives.
The CNC-based mud demonstrated
significantly higher rheological values than
the control, with 600 rpm readings of 38
BHR and 37 AHR. The PV remained stable
(8 cP before and after hot rolling), and the
yield point (YP) was relatively high at 22
lb/100 ft² BHR and 21 lb/100 ft² AHR,
suggesting strong particle–particle
interactions and network formation even
after thermal aging. This stability is
attributed to the high aspect ratio and
surface charge of CNC particles, which
promote dispersion and maintain viscosity
under elevated temperatures.
The starch-based mud also displayed
elevated rheology compared to the control
but at slightly lower levels than CNC-based
mud before hot rolling (600 rpm: 29 BHR vs.
CNC’s 38 BHR). However, after hot rolling,
rheology decreased more significantly (600
rpm: 21 AHR), and PV dropped from 8 cP to
6 cP, indicating some thermal degradation
of starch polymers at 200 °F. The YP also
decreased from 13 to 9 lb/100 ft², reflecting
reduced structural strength post-aging.

overall (3/4 BHR, 1/2 AHR), confirming the
necessity of polymeric or nanocellulose
additives for adequate suspension control.

Fluid Loss Performance

Fluid loss testing showed clear differences
between the systems. The control mud
recorded the highest API fluid loss at 20.6
mL/30 min, reflecting its inability to form an
effective filter cake without additives. The
CNC-based mud achieved an API fluid loss
of 15.2 mL/30 min BHR and 16.6 mL/30 min
AHR, demonstrating moderate fluid loss
control with minimal performance decline
after hot rolling.
The starch-based mud provided superior
fluid loss control, with API fluid loss values
of 8.8 mL BHR and 8.6 mL AHR. This
performance advantage is consistent with
the known filtrate-reducing capabilities of
starch, which forms dense, impermeable
filter cakes.
HPHT testing at 200 °F and 500 psi further
highlighted these differences. The CNC-
based mud recorded 45 mL filtrate loss,
whereas starch-based mud significantly
outperformed it with only 15 mL. No HPHT
data was available for the control mud due
to its instability under test conditions.

Gel Strength

Gel strength measurements reveal that the
CNC-based mud maintained strong gel
development both before and after hot
rolling, with 10 s/10 min gel values
increasing from 9/25 lb/100 ft² BHR to
12/27 lb/100 ft² AHR. This stability indicates
that CNC provides consistent particle
suspension capability even after thermal
exposure.
In contrast, the starch-based mud exhibited
lower gel strength values, decreasing from
5/6 BHR to 1/3 AHR. The control mud
showed the weakest gel performance 

Thermal Stability and Settling Behavior

Thermal stability was assessed by
comparing pre- and post-hot rolling
rheological and fluid loss data. CNC-based
mud showed minimal changes in PV, YP, and
gel strength, indicating excellent retention
of structure after exposure to elevated
temperatures. In contrast, starch-based
mud experienced noticeable declines in
rheological properties, pointing to partial
thermal degradation.
Settling tests confirmed that all three muds
remained stable without visible
sedimentation during static aging, although
the control mud’s low gel strength suggests
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it would be less effective at maintaining
suspension over extended static periods. 

drilling fluids, CNCs provided excellent
rheological stability and strong gel strength
retention after high-temperature hot
rolling, confirming their role as effective
rheology modifiers. However, starch-based
muds consistently outperformed CNC-
based muds in API and HPHT fluid-loss
control tests, indicating starch’s superiority
in filtrate reduction. While CNC offers a
sustainable, thermally robust, and locally
sourced solution for rheology control, the
lack of a single additive excelling in both
rheology and fluid-loss control highlights
the need for further innovation. Future work
should investigate nano-polyanionic
cellulose, designed to combine the thermal
stability and rheological benefits of CNC
with enhanced surface charge and chemical
functionality for improved fluid-loss control,
potentially enabling a single, high-
performance additive to replace both CNC
and starch in drilling fluid systems.

[1] Mahmoud, Husameldin. “Green drilling
fluid additives for a sustainable hole-
cleaning performance: a comprehensive
review” Emergent Materials , 26 Feb. 2017,
doi.org/10.1007/s42247-023-00524-w..
[2] Moon, Robert J. “Cellulose nanomaterials
review: structure, properties
andnanocomposites” Chemical Society
Reviews (RSC Publishing) ,
pubs.rsc.org/en/content/articlelanding/2011
/cs/c0cs00108b. 
[3] “​KAUST researchers win 2022
International Date Palm Innovative
Technology Excellence Prize” KAUST, 16
Jan. 2023,
www.kaust.edu.sa/en/news/kaust-
researchers-win-date-palm-innovative-
prize. 
[4] John, M. J. “Cellulose nanomaterials: new
generation materials for solving global
issues” Cellulose , 26 July 2016, 

Summary of Performance

The results indicate that CNC-based drilling
mud provides excellent thermal stability,
maintains strong rheological properties
after aging, and offers moderate fluid loss
control. Starch-based mud excels in filtrate
reduction but suffers greater rheological
losses upon thermal exposure. The control
mud underperformed in all aspects,
underscoring the need for functional
additives. While CNC does not match starch
in fluid loss reduction, its superior thermal
stability and suspension properties make it
a promising candidate for high-temperature
drilling applications, especially when
combined with other fluid-loss agents for
optimized performance.
Table 5 Drilling fluid test results.

Conclusion

This study demonstrated that cellulose
nanocrystals (CNCs) can be successfully
produced from Saudi Arabian date palm
biomass using high-concentration sulfuric
acid hydrolysis, yielding a highly crystalline,
thermally stable, and colloidally stable
nanomaterial with uniform rod-like
morphology. Characterization confirmed
the retention of the cellulose backbone,
significant crystallinity enhancement, and
the introduction of sulfate half-ester
groups that improve dispersion stability.
When incorporated into water-based 
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Abstract

Reliable operation of boiler auxiliary
systems in refineries and gas processing
facilities requires effective corrosion
control, stringent oxygen management, and
continuous monitoring of water chemistry.
Corrosion products deposited within these
systems preserve a mineralogical record of
the prevailing electrochemical environment
and therefore provide valuable evidence for
diagnosing degradation mechanisms. In this
study, crystalline deposits collected from a
boiler condensate storage drum and a boiler
feed-water deaerator were investigated
using powder X-ray diffraction (XRD)
combined with Rietveld quantitative phase
analysis and crystallographic texture
evaluation. The condensate drum sludge is
dominated by magnetite (57.13 wt%), with
hematite (22.26 wt%) and goethite (19.29
wt%) as secondary phases. In contrast,
deposits from the deaerator are hematite-
rich (45.24 wt%), followed by magnetite
(35.26 wt%) and goethite (17.86 wt%).
Preferred-orientation analysis indicates
weak crystallographic texture in the
condensate drum sample but more
pronounced alignment in the deaerator
deposits. The mineralogical transition from
magnetite-dominated to hematite-
dominated assemblages indicates a shift
from mixed redox conditions toward a more 

oxidizing corrosion environment along the
boiler auxiliary system. These findings
demonstrate that quantitative
crystallographic characterization provides
direct diagnostic evidence for evaluating
oxygen control performance and corrosion
regime evolution. Integrating XRD–Rietveld
analysis into failure investigations can
therefore enhance root-cause
determination, guide mitigation strategies,
and support asset integrity management in
refinery and gas-plant operations.

JCRIS 3 (2) 2026 36- 45

Keywords: corrosion deposits, Rietveld
refinement, refinery failure analysis,
deaerator corrosion, X-ray diffraction,
industrial asset integrity.

Boiler auxiliary systems in refineries and
gas-processing plants operate under
demanding thermal and chemical
conditions where corrosion control is
essential for maintaining operational
reliability. Components such as condensate
storage drums and feed-water deaerators
are designed to regulate dissolved oxygen
levels and stabilize water chemistry before
the feed water enters the boiler circuit.
Inefficient oxygen removal or inadequate
chemical treatment can accelerate
corrosion, promote deposit formation, and 

Introduction
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eventually lead to equipment degradation
or unplanned plant shutdowns.
Corrosion products formed in these
environments typically consist of iron
oxides and oxyhydroxides whose
mineralogical composition reflects the
prevailing electrochemical conditions.
Magnetite (Fe₃O₄) commonly forms in
reducing environments with limited oxygen
availability, whereas hematite (Fe₂O₃) and
goethite (FeO(OH)) are usually associated
with more oxidizing conditions [1-3].
Consequently, the phase composition of
corrosion deposits provides valuable
information regarding oxygen ingress,
water chemistry stability, and corrosion
regime evolution within boiler systems.
However, sludge and deposits collected
from refinery equipment frequently contain
mixtures of crystalline corrosion products,
amorphous phases, organic residues, and
entrained particulates. Without appropriate
preparation procedures, these components
may obscure diffraction signals and
compromise reliable phase identification.
Careful removal of hydrocarbons and
organic contaminants is therefore essential
to obtain representative diffraction
patterns suitable for quantitative analysis
[4].
Powder X-ray diffraction (XRD) is a well-
established analytical technique for
identifying crystalline phases in complex
materials. When combined with Rietveld
refinement, full-pattern fitting enables
accurate quantification of multiphase
mixtures by modeling the entire diffraction
profile using crystallographic structural
parameters [5-6]. This method accounts for
peak overlap, instrumental broadening, and
microstructural effects, thereby providing
higher reliability compared with traditional
peak-intensity approaches.
In addition to phase identification, analysis
of crystallographic texture and preferred 

orientation can provide insight into
deposition processes and environmental
conditions within the system [7,8].
Preferred orientation may develop during
crystal growth on metal surfaces or during
transport and settling of corrosion products
under flowing conditions [9-21].
From an industrial perspective, integrating
crystallographic analysis into failure
investigations offers significant benefits.
Quantitative mineralogical information can
help identify corrosion mechanisms,
evaluate oxygen control performance, and
correlate deposit composition with
observed damage patterns. Such insights
support more reliable root-cause analysis
and enable operators to implement
targeted mitigation strategies, including
optimized oxygen-scavenger dosing and
improved deaeration performance [9-21].
The present work applies X-ray diffraction,
Rietveld quantitative phase analysis, and
crystallographic texture evaluation [22-40]
to deposits collected from two critical
boiler auxiliary components in a refinery
environment: a condensate storage drum
and a feed-water deaerator. The study aims
to demonstrate how crystallographic
fingerprinting of corrosion products can
serve as a practical diagnostic tool for
failure analysis and integrity management
in refinery and gas-plant operations.

Objectives

The primary objective of this study is to
establish a reliable crystallographic
framework for characterizing corrosion
deposits formed within boiler auxiliary
systems and to demonstrate how
mineralogical information can support
failure analysis in refinery and gas-
processing environments.
Specifically, the study aims to:
Isolate and prepare the crystalline fraction
of sludge and brownish deposits collected 
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from the boiler condensate storage drum
and the feed-water deaerator, ensuring that
organic contaminants and hydrocarbon
residues are removed to obtain
representative sample suitable for
diffraction analysis.
· Identify the crystalline phases present in
the deposits using powder X-ray diffraction
techniques, enabling detection and
characterization of both major corrosion
products and minor or previously
unrecognized mineral phases.
· Quantify the phase composition through
Rietveld refinement of the diffraction data,
allowing accurate determination of the
relative abundance of magnetite, hematite,
goethite, and other minor constituents
within the deposit matrix.
· Assess crystallographic texture and
preferred orientation of the identified
phases in order to evaluate possible
deposition mechanisms, crystal growth
processes, and environmental influences
affecting corrosion product formation.
· Correlate mineralogical characteristics
with corrosion regimes and operating
conditions, thereby providing diagnostic
information useful for understanding
oxygen exposure, water-chemistry stability,
and the evolution of corrosion processes
within the boiler auxiliary system.
· Demonstrate the industrial relevance of
crystallographic fingerprinting as a
practical analytical approach for supporting
failure investigations, improving predictive
maintenance strategies, optimizing
chemical treatment programs, and
mitigating corrosion risks in refinery and
gas-plant boiler systems, see Figure 1.

Figure 1 depicts the schematic workflow illustrating
the crystallographic fingerprinting methodology
applied to corrosion deposits collected from boiler
auxiliary systems. The procedure begins with deposit
sampling and separation of the crystalline fraction,
followed by controlled preparation of the samples
for powder X-ray diffraction (XRD) analysis.
Quantitative phase composition is determined using
Rietveld refinement, while texture analysis
evaluates crystallographic preferred orientation. The
resulting mineralogical data are interpreted in
relation to corrosion environments and operational
conditions, providing diagnostic insights for failure
investigation, corrosion control, and asset integrity
management in refinery and gas-processing
facilities, see Section 3 below for details.

Experimental Work

Oil-containing sludge samples were treated
with dichloromethane to dissolve and
remove hydrocarbon residues and other
organic materials. The resulting suspension
was filtered to separate the inorganic solid
fraction containing corrosion products and
mineral particulates. The remaining residue
was dried and homogenized prior to
analysis [9-21].
This preparation procedure ensured that
organic contaminants did not interfere with
diffraction measurements and allowed
reliable identification of crystalline phases
[18,21].
Phase identification was carried out using
HighScore Plus software with reference
patterns obtained from the ICDD PDF-4+
crystallographic database [9-21].
Quantitative phase analysis was
subsequently performed using the Rietveld
refinement method [22-42].

Sample Preparation

Prepared samples were finely ground using
an agate mortar and pestle to ensure
homogeneous particle size distribution. The
powders were mounted in sample holders
using the front-loading technique to
minimize preferred orientation effects 

Powder X-Ray Diffraction Analysis
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[29-31].
X-ray diffraction measurements were
performed using a PANalytical Bragg–
Brentano diffractometer equipped with Cu
Kα radiation (λ = 1.54060 Å) operating at 40
kV and 40 mA [9-21].
Diffraction patterns were collected over a
2θ range of 10°–120° using a step size of
0.04° and a counting time of 10 s per step. A
position-sensitive detector was used to
improve counting efficiency. Samples were
rotated during data collection to further
reduce orientation bias [18,21,29-31, 41-42].

Figure 2. (a) Agreement between the measured and
calculated XRD patterns of crystalline deposits
portion of the sludge deposits from the boiler
condensate storage drum, obtained through Rietveld
refinement incorporating a generalized spherical-
harmonic model for preferred-orientation correction.
Variation of the texture index as a function of
orientation angle for the principal crystalline phases:
(b) magnetite, (c) hematite, and (d) goethite.

Results and Discussion

Table 1 and Figure 2 depict the quantitative
phase analysis (or phase composition, wt%)
obtained from Rietveld refinement with the
generalized spherical harmonic for
preferred orientation correction. 
Rietveld quantitative analysis indicates that
the crystalline deposits of the sludge
deposits from the condensate storage drum
is dominated by magnetite (57.13 wt%).
Hematite and goethite are present as
secondary phases at 22.26 wt% and 19.29
wt%, respectively.
Minor quantities of quartz and copper oxide
were also detected. Quartz likely originates
from external particulate contamination,
while copper oxide may reflect corrosion of
upstream copper-containing components.

Crystalline Deposits of the Sludge
Deposits from the Condensate Storage
Drum Phase Composition

Table 1. Phase composition of crystalline deposits
portion of the sludge deposits from condensate
storage drum determined by Rietveld refinement

Corrosion Environment Interpretation

The dominance of magnetite suggests that
corrosion occurred primarily under oxygen-
limited or reducing conditions. However, the
presence of hematite and goethite
indicates intermittent oxygen exposure or
localized oxidizing environments.
Such mixed corrosion products may
destabilize protective oxide films and
promote under-deposit corrosion

Crystalline Deposits Portion of the Sludge
Deposits from the Boiler Feed-Water
Deaerator

Phase Composition 

Table 2 and Figure 3 depict the quantitative
phase analysis (or phase composition, wt%)
obtained from Rietveld refinement with the
generalized spherical harmonic for
preferred orientation correction. 
Comparison of Tables 1 and 2 reveals a
clear shift from magnetite-dominated
crystalline 
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Figure 3. (a) Agreement between the measured and
calculated XRD patterns of crystalline deposits
portion of the sludge deposits from the boiler feed-
water deaerator, obtained through Rietveld
refinement incorporating a generalized spherical-
harmonic model for preferred-orientation correction.
Variation of the texture index as a function of
orientation angle for the principal crystalline phases:
(b) magnetite, (c) hematite, and (d) goethite.

Industrial Implications for Failure Analysis
The comparative mineralogical analysis
reveals a progressive change in corrosion
conditions along the boiler auxiliary system.
The crystalline deposits portion of the
sludge deposits from condensate storage
drum are magnetite-dominated, indicating
relatively reducing conditions. In contrast,
the crystalline deposits portion of the
sludge deposits from deaerator are
hematite-rich, reflecting increased oxygen
exposure.
This mineralogical transition provides direct
evidence of evolving corrosion
environments and highlights the potential
for oxygen-control deficiencies within the
deaerator stage.
For refinery operators, such
crystallographic information provides
valuable diagnostic insight that can
support:

root-cause determination during failure
investigations
optimization of water-chemistry control
strategies
evaluation of deaerator performance
improved corrosion monitoring
programs
proactive asset integrity management.

deposits of the sludge deposits in the
condensate storage drum to hematite-rich
crystallin deposits portion of the sludge
deposits in the deaerator, indicating
progressively more oxidizing corrosion
conditions within the boiler auxiliary
system.
The crystalline deposits portion of the
sludge deposits from the deaerator exhibits
a different mineralogical composition.
Hematite represents the dominant phase
(45.24 wt%), followed by magnetite (35.26
wt%) and goethite (17.86 wt%).

Operational Interpretation

The higher hematite content indicates more
oxidizing conditions compared with those
observed in the condensate storage drum.
This observation may suggest:

incomplete oxygen removal in the
deaerator
air ingress into the feed-water system
insufficient oxygen scavenger dosing
transient operational disturbances

Because hematite provides less protective
corrosion resistance than magnetite, such
conditions may accelerate metal loss and
equipment degradation.

Table 2. Phase composition of crystalline deposits
portion of the sludge deposits from boiler feed-
water deaerator determined by Rietveld refinement

Conclusions

This investigation demonstrates the value
of crystallographic characterization of
corrosion deposits for failure analysis in
refinery and gas-plant boiler systems.
The study shows that:
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Condensate storage drum deposits are
magnetite-dominant, indicating
corrosion under largely reducing
conditions.
Deaerator deposits are hematite-rich,
suggesting a more oxidizing corrosion
environment.
The mineralogical transition between
these locations reflects changing
oxygen exposure within the boiler
auxiliary system.
Hematite-rich deposits may increase
corrosion risk due to their lower
protective capability.
XRD combined with Rietveld refinement
provides a robust quantitative tool for
diagnosing corrosion mechanisms and
supporting industrial integrity
management.
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The global transition toward renewable
energy has positioned bioethanol as a
critical alternative to fossil fuels. This study
investigates the potential of sweet potato
(Ipomoea batatas L.), an abundant and
starch-rich crop in Sudan, as a sustainable
feedstock for bioethanol production. Two
local landraces, Blue Nile (BN) and White
Nile (WN), were evaluated under fresh and
dried conditions. The core of the research
focused on optimizing the saccharification
process through three distinct hydrolysis
methods: enzymatic, acidic, and a combined
approach. Following hydrolysis,
fermentation was conducted using
Saccharomyces cerevisiae under controlled
conditions.
The results demonstrated that enzymatic
hydrolysis of the fresh BN variety yielded
the highest ethanol concentration of 7.64%,
while the dried BN recorded 6.35%. In
contrast, acid hydrolysis resulted in
significantly lower yields, likely due to the
formation of inhibitory compounds.
Combined hydrolysis showed improved
starch-to-sugar conversion rates but 

Abstract

resulted in moderate ethanol yields.
Statistical analysis using ANOVA and
Duncan’s Multiple Range Test (DMRT)
confirmed significant variations (p < 0.05)
based on variety, processing state, and
hydrolysis method. This research provides a
technical framework for utilizing sweet
potato as a viable industrial feedstock for
bioethanol in Sudan, emphasizing the
superiority of enzymatic optimization for
maximum yield.
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Introduction

The Global Energy Challenge

The contemporary world faces a dual crisis:
the depletion of finite fossil fuel reserves
and the accelerating impact of climate
change driven by greenhouse gas
emissions. As industrial and transport
sectors expand, the demand for liquid fuels
continues to rise, necessitating a shift
toward carbon-neutral alternatives. 
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under anaerobic conditions.Biofuels, particularly bioethanol, offer a
promising solution as they are derived from
renewable biomass and can be integrated
into existing internal combustion engine
infrastructures with minimal modification
[1].

Bioethanol Feedstocks and the Role of
Sweet Potato

While first-generation bioethanol primarily
relies on food crops like corn and
sugarcane, there is a growing interest in
high-starch tuberous crops that offer
higher per-hectare energy yields. Sweet
potato (Ipomoea batatas L.) is a highly
promising biomass resource due to its high
starch content (up to 20-30% on a fresh
weight basis), low fertilizer requirements,
and adaptability to diverse agro-climatic
zones [4]. Globally, countries like China and
Indonesia dominate production, but the crop
remains significantly underutilized in sub-
Saharan Africa, including Sudan, where
local cultivars possess unique genetic traits
suitable for industrial processing [3].

The Chemical Transformation: Starch to
Ethanol

The production of ethanol from starch-
based feedstocks involves a multi-step
biochemical process. Starch, a complex
polysaccharide, must first be broken down
into fermentable monomeric sugars,
primarily glucose. This is achieved through
hydrolysis, which involves gelatinization
(swelling of starch granules), liquefaction
(partial breakdown by alpha-amylase), and
saccharification (complete conversion to
glucose by glucoamylase) [5]. The
efficiency of this step is the primary
determinant of the final ethanol yield.
Following hydrolysis, the resulting sugar-
rich broth is fermented by yeast, typically
Saccharomyces cerevisiae, which converts
glucose into ethanol and carbon dioxide 

Research Context in Sudan

In Sudan, the Kenana Sugar Company has
recognized the need to diversify its biofuel
portfolio. Currently, molasses is the primary
feedstock for ethanol production, but its
availability is tied to sugar production
cycles. Sweet potato cultivation offers a
strategic alternative to ensure year-round
ethanol production. This study, conducted
in collaboration with the University of
Khartoum, aims to optimize the hydrolysis
and fermentation parameters for Sudanese
sweet potato varieties to establish a
sustainable and efficient production model.

Materials and Methods

Two local Sudanese sweet potato
landraces, Blue Nile (BN) and White Nile
(WN), were selected for this study. The
samples were cultivated and harvested at
the Kenana Research Farm under
standardized agricultural practices. After
harvesting, the tubers were cleaned, sorted,
and divided into two experimental groups:
fresh and dried.

Fresh Substrate Preparation: Fresh
tubers were steamed for 10 minutes to
soften the tissue and initiate
gelatinization, then blended into a
uniform paste. This paste was stored at
-20°C until needed.
Dry Substrate Preparation: Tubers were
sliced and oven-dried at 70°C for 24
hours to a moisture content of
approximately 7-8%. The dried slices
were then milled into a fine flour (sweet
potato flour) using a high-speed grinder
and stored in airtight containers.

Sample Collection and Preparation

The chemical composition of the raw
materials and the intermediates was 

Chemical Analysis and Formulas
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determined using standard AOAC methods.
Key parameters included moisture content,
dry matter (DM), starch percentage, total
reducing sugars (TRS), and dextrose
equivalent (DE).

Three distinct hydrolysis pathways were
tested to identify the most efficient method
for saccharification:

1.Enzymatic Hydrolysis: This involved a
two-stage process using commercial
enzymes. Liquefaction was performed
using alpha-amylase at 90°C for 90
minutes (pH 5.5), followed by
saccharification using glucoamylase at
60°C for 24 hours (pH 4.5).

2.Acid Hydrolysis: Samples were treated
with 1.0 N Hydrochloric acid (HCl) and
heated to 90°C. This method relies on
the chemical cleavage of glycosidic
bonds but is often prone to the
formation of hydroxymethylfurfural
(HMF), which can inhibit yeast growth.

3.Combination Hydrolysis: A hybrid
approach where initial liquefaction was
achieved enzymatically, followed by
acid-catalyzed saccharification.

Hydrolysis Protocols

Figure 1: Mathematical models and standard
scientific formulas used for composition and yield
calculations.

The determination of starch and glucose
was performed via acid hydrolysis followed
by titration using Fehling’s solution. Total
soluble solids (Brix) were measured using a
digital refractometer, and insoluble solids
were determined via centrifugation.

Fermentation was carried out in sterilized
bioreactors using a 10% (v/v) inoculum of
Saccharomyces cerevisiae (starter culture
concentration of 3 × 10⁹ CFU/mL). The
process was maintained at 30°C for 72
hours. The final ethanol concentration was
measured using an automated alcohol
analyzer. The experimental design followed
a Completely Randomized Design (CRD)
with three replicates, and data were
analyzed using ANOVA and DMRT via SPSS
software.

Fermentation and Statistical Design

Results and Discussion

The initial chemical composition of the BN
and WN varieties is summarized in Table 1.
The dry matter content and starch levels
are the most critical factors for ethanol
potential.

Raw Material Characterization

Table 1: Comparative chemical composition of Blue
Nile and White Nile sweet potato varieties.

The analysis revealed that drying the sweet
potato significantly concentrates the
starch, increasing it from ~13.6% in fresh
samples to over 53% in the dried flour. This
concentration effect makes the dry base
more efficient for storage and transport,
although the fresh base may offer higher
enzymatic accessibility due to the lack of
heat-induced starch retrogradation.

Evaluation of Hydrolysis Methods

Enzymatic Saccharification

Enzymatic hydrolysis proved to be the most
consistent method for sugar release. As
shown in Table 2, the conversion of starch
to glucose was nearly complete in the BN
fresh samples.
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Table 2: Performance metrics for enzymatic
hydrolysis across varieties.

Comparative Yield Analysis

The overall comparison between the fresh
and dry bases across all methods is
illustrated in Figure 2 and Table 5.

Figure 2: Visual comparison of ethanol yields (%) by
hydrolysis method and substrate state.

Statistical analysis confirmed that the
“Enzymatic-Fresh” and “Enzymatic-Dry”
groups were significantly superior to all
others. The lower performance of acid
hydrolysis in fresh samples (1.04% yield) is
a clear indicator of fermentation inhibition,
likely due to pH fluctuations or the
presence of furfurals [13] [14].

Conclusion and Recommendations

This study successfully optimized the
production of bioethanol from Sudanese
sweet potato landraces. The primary
conclusions are: * Enzymatic hydrolysis is
the most effective method for both fresh
and dry bases, with the Blue Nile variety
showing the highest potential. * Fresh
material processing yields higher ethanol
percentages compared to dry flour when
processed immediately, likely due to better
enzyme-substrate interaction. * Dry base
processing is highly viable for industrial
scaling due to the concentrated starch
content and ease of storage.

The high ethanol yield in the BN fresh
variety (7.64%) suggests that the native
structure of the starch in this landrace is
highly susceptible to amylolytic enzymes.
Recent studies by Zhou (2025) and da Silva
Junges (2024) have highlighted that
enzymatic processes are superior because
they operate at lower temperatures and do
not produce the toxic byproducts
associated with acid treatments [11] [12].

Acid and Combination Hydrolysis

Acid hydrolysis (Table 3) showed lower
efficiency, with higher residual starch and
lower final ethanol yields. The combination
method (Table 4) provided a middle ground,
showing better starch breakdown than acid
alone but lower fermentation efficiency
than the purely enzymatic approach.

Table 3: Results of acid-catalyzed hydrolysis.

Table 4: Results of the hybrid enzymatic-acid
hydrolysis method.

Table 5: Summary of comparative performance
between all experimental groups.

Key Findings
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Recommendations for Industry

For the Kenana Sugar Company and similar
industrial entities, we recommend the
adoption of enzymatic hydrolysis using a
fresh-paste pipeline during the harvest
season and a dry-flour pipeline for off-
season production. Future research should
focus on the economic feasibility of large-
scale enzyme application and the potential
for co-fermentation with other agricultural
residues.
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Background/Objectives: Viral proteases are
essential mediators of viral replication and
maturation and represent validated antiviral
drug targets across multiple viral families,
including coronaviruses, flaviviruses,
caliciviruses, retroviruses, and
hepaciviruses. Following the detailed
discussion of SARS-CoV-2 proteases in the
previous part, this systematic review
evaluates recent advances in the
development of protease inhibitors, with a
primary focus on SARS-CoV-2 main
protease (Mpro) and papain-like protease
(PLpro), while also contextualizing progress
made against proteases from dengue virus,
norovirus, hepatitis C virus, HIV-1, and Zika
virus.
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with inhibitory activities spanning the
micromolar to nanomolar range, several of
which demonstrated effective suppression
of viral replication in cellular or animal
models. In parallel, proteases from other
pathogenic viruses—including dengue
virus, norovirus, hepatitis C virus, HIV-1, and
Zika virus—were also investigated,
highlighting shared mechanistic features
and druggability across viral protease
families. Both catalytic-site and allosteric
inhibition strategies were employed,
enabling the discovery of structurally
diverse molecules with potential for broad-
spectrum antiviral activity. 

Abstract

Methods: A systematic literature search
was performed using PubMed and Google
Scholar in August 2025 to identify studies
published between 2020 and 2025 that
reported the novel design, or screening of
viral protease inhibitors. 

Results: The review identified a substantial
body of literature describing novel
inhibitors of viral proteases. Studies
targeting SARS-CoV-2 Mpro and PLpro
reported numerous compounds with 

Conclusions: SARS-CoV-2 Mpro and PLpro
remain the most extensively characterized
viral protease targets, driven by the
urgency of the COVID-19 pandemic.
However, advances in inhibitor development
for proteases from dengue virus, norovirus,
hepatitis C virus, HIV-1, and Zika virus
underscore the broader relevance of
protease-focused antiviral strategies.
Collectively, the compound libraries and
mechanistic insights generated through
these studies provide a robust foundation
for the rational design and optimization of 
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next-generation antiviral therapeutics with
potential cross-viral applicability.

that can progress to cirrhosis and
hepatocellular carcinoma. Its replication
depends on the NS3 serine protease, which
functions with the NS4A cofactor and
NS5B polymerase. The NS3 protease, part
of the chymotrypsin-like serine protease
family, consists of two similar β-barrel
domains. Its catalytic triad—Asp102, His57,
and Ser195—forms a charge relay system
that activates Ser195 for nucleophilic
attack on the peptide bond’s carbonyl
carbon, enabling cleavage during viral
protein processing. [3-4]

Keywords: SARS-CoV-2; MPro; PLPro; HCV;
HIV; Zika virus; Protease inhibitors

Introduction

As we discussed in the first part of this
review [part one reference], Extensive high-
throughput screening, structure-based
virtual screening, and molecular dynamics
studies have identified a diverse range of
SARS-CoV-2 main protease (Mpro/3CLpro)
inhibitors, including FDA-approved drugs,
synthetic scaffolds, and natural products.
Herein, we will complete the data
discussing SARS-CoV-2 proteases, Mpro
and PLpro and further information about
other viruses’ proteases.

Dengue virus (DENV) NS2B/NS3
DENV, a mosquito-borne pathogen with four
serotypes (DENV-1–4), relies on the NS2B–
NS3 protease (NS2B–NS3pro) for viral
polyprotein processing. This enzyme,
conserved across serotypes, consists of the
NS3Pro domain (with protease activity) and
the NS2B cofactor, which wraps around
NS3Pro to stabilize the complex and aid
substrate recognition. The catalytic triad—
His51, Asp75, and Ser135—drives
proteolysis. Unlike typical trypsin-like
proteases, NS2B–NS3pro specifically
cleaves sites containing two cationic
residues, making selective inhibition
challenging. Early drug design has been
hindered by the protease’s flat active site
and the need for conformational changes in
the NS2B fragment during substrate
binding. However, additional surface-
exposed clusters of residues near the active
site have been identified as potential
alternative binding regions for inhibitor
development. [1-2]

Hepatitis C Virus (HCV) NS3/4A
HCV is a major cause of liver inflammation 

that can progress to cirrhosis and
hepatocellular carcinoma. Its replication
depends on the NS3 serine protease, which
functions with the NS4A cofactor and
NS5B polymerase. The NS3 protease, part
of the chymotrypsin-like serine protease
family, consists of two similar β-barrel
domains. Its catalytic triad—Asp102, His57,
and Ser195—forms a charge relay system
that activates Ser195 for nucleophilic
attack on the peptide bond’s carbonyl
carbon, enabling cleavage during viral
protein processing. [3-4]

Norovirus protease
Norovirus, a member of the Caliciviridae
family, is a major cause of human
gastroenteritis. Its high transmissibility
stems from a low infectious dose (<100 viral
particles), extended viral shedding, and
environmental stability. The norovirus
3CLpro protease, a cysteine protease with a
chymotrypsin-like fold, is essential for viral
polyprotein processing. Its catalytic
residues (C139, H30, and E54) and an
oxyanion hole lie within a deep cleft
between the N- and C-terminal domains.
The C-terminal domain mediates substrate
binding through an antiparallel β-sheet
stabilized by hydrogen bonds between
substrate residues P5–P2 and protease
residues K162–A158.The S1 pocket—
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catalytic triad—Ser135, His51, and Asp75.
Structurally, the β-strand (residues 52–57)
of NS2B inserts into the N-terminal β-barrel
of NS3, stabilizing the complex in a closed
conformation. The C-terminal β-hairpin
(residues 74–86) of NS2B helps form the S2
substrate-binding pocket. [8] In the active
enzyme, NS2B’s N-terminal β-strand
integrates into NS3’s domain, while its C-
terminal region wraps around the NS3
active site, securing substrate positioning
for efficient proteolysis. [9]

formed by T134 and H157—recognizes the
substrate’s P1 Gln or Glu, while the S2
pocket, a hydrophobic cavity of I109, R112,
and V114, accommodates bulky hydrophobic
residues like Leu or Phe. These conserved
structural features, particularly C139 and
T134, are crucial for norovirus proteolytic
activity and make 3CLpro a key antiviral
target. [5-6]

Human Immunodeficiency Virus type 1
(HIV-1) protease
HIV-1, the causative agent of AIDS, relies on
three key enzymes—reverse transcriptase
(RT), integrase, and protease (PR)—for viral
replication. The HIV-1 protease is a C2-
symmetrical homodimer, with each
monomer being a 99–amino acid chain. The
amino and carboxyl termini of both
monomers form a tight β-sheet interface,
essential for dimer stability and enzymatic
activity. The active site includes six amino
acids (triads Asp, Thr, Gly found in each
monomer) in AA positions 25 to 27 and 25’
to 27’.  Hydrogen bonding between Thr26
and Thr26′stabilizes the active site
conformation, while Gly27 and Gly27′help
correctly position the substrate so the
catalytic Asp25 and Asp25′residues can
cleave the peptide bond. This symmetric
dimeric structure is critical for the
protease’s function and makes it a central
target in antiretroviral drug design. [7]

Zika virus (ZIKV) NS2B-NS3

ZIKV is a mosquito-borne flavivirus
primarily transmitted by Aedes species. Its
replication depends on the NS2B–NS3
protease complex (NS2B–NS3pro), where
NS3 provides the protease function and
NS2B acts as a membrane-associated
cofactor essential for enzymatic
activity.The NS3 protease adopts a
chymotrypsin-like fold with a conserved 

Herpes simplex virus type 1 (HSV-1)
 HSV-1 is an enveloped double-stranded
DNA virus whose protease is essential for
viral capsid assembly. [10] Proteolytic
processing of this enzyme occurs at two
main cleavage sites: Ala247–Ser248 near
the amino terminus and Ala610–Ser611 near
the carboxyl terminus, the latter located 25
amino acids from the protease’s end. These
cleavage events are critical for protease
maturation and proper capsid formation. [11]

SARS-CoV2 proteases
Mpro/3CLpro inhibitors:
Six peptides identified via phage display
and next-generation sequencing
demonstrated anti-Mpro activity through
binding to both the active and allosteric
sites. Enzyme assays, SPR, and MD
simulations confirmed IC₅₀ values in the low
micromolar range. Competitive peptides  
preferentially targeted the substrate-
binding region, interacting with D-
glutamine at P1, while noncompetitive
peptides acted allosterically. Although
metabolically stable, their low
bioavailability and short half-lives limit
therapeutic application [12].Large-scale
screening (~1.5 million ChemDiv compounds
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 , while the indole group forms stabilizing
contacts across S3–S4 subsites. Although
efficacy surpassed nirmatrelvir in resistant
strains, cytotoxicity profiles remained
comparable [16].
 Anisotine, an alkaloid from Justicia
adhatoda, displayed stronger binding
affinity (ΔG = −42.23 kcal/mol) than
darunavir or lopinavir. It binds the Mpro
active site via H-bonds with His41 and
Cys145, van der Waals contacts with
Thr25–Gln189, and π–alkyl interactions
with Leu27 and Met49 [17].
 High-throughput pharmacophore-based
screening of 300,000 compounds yielded
compound 90, a 3CLpro inhibitor (IC₅₀ = 5.48
µM, EC₅₀ = 14.9 µM) with low cytotoxicity
and unique chirality-dependent potency. Its
enantiomer exhibited superior antiviral
activity comparable to remdesivir [18].
 Polyphenolic inhibitors Exifone and
Benserazide hydrochloride showed IC₅₀ =
3.18 and 0.37 µM, respectively. Benserazide
acts as a covalent binder to Mpro, while
Exifone blocks ACE2–S-RBD interaction,
exhibiting dual-target antiviral potential.
Exifone forms H-bonds with T111, I152, D153,
D295, and R298 at the domain II/III cleft but
suffers from hepatotoxicity [19].
 AI-Deep docking of 1.3 billion ZINC15
compounds identified ZINC000541677852
(92), with Glide SP score −11.32 kcal/mol. It
binds Mpro’s active site by mimicking
substrate positions P1–P4 and P1′, forming
H-bonds with Cys145, Leu141, His164, and
Gln192 [20].
 A chemical biology study using Antrodia
cinnamomea extracts identified TMD as a
dual 3CLpro/PLpro inhibitor. It forms H-
bonds with His41, Gly143, Ser144, and
Cys145 in 3CLpro and with Glu167, Tyr264,
and Tyr268 in PLpro. TMD showed no
toxicity up to 300 mg/kg and outperformed
nirmatrelvir in safety profile, retaining 

 ) and covalent docking led to compound 82,
containing electrophilic warheads (nitrile,
Michael acceptor, chloromethyl ketone),
with IC₅₀ = 8.5 ± 0.94 µM. It forms a covalent
bond with Cys145, H-bond with Gly143, π–π
stacking with His41, and a halogen bond
with Met165. Despite moderate reactivity,
its tunable electrophilicity makes it a viable
scaffold for optimization [13]. 
GC376, identified via fluorescence-based
assays, is a covalent SARS-CoV-2 Mpro
inhibitor (IC₅₀ = 26.4 nM; EC₅₀ = 0.91 μM; Kᵢ =
12 nM). It forms a thiohemiketal bond with
Cys145 and H-bonds with Phe140, Gly143,
Ser144, His163, His164, Glu166, and Gln189.
Binding optimization suggests replacing the
isobutyl and benzene moieties to improve
Met49 and Glu166 interactions [14].
 SM141 and SM142, designed as dual
Mpro/Cathepsin L inhibitors (IC₅₀ = 8.2 and
14.7 nM), demonstrated potent antiviral
effects in SARS-CoV-2–infected mice. Both
form covalent adducts with Cys145 and H-
bonds with Thr26, Glu166, and His164. Their
γ-lactam glutamine mimetic occupies the S1
pocket, while phenylalanines at P2/P3
engage in π–π stacking with the 187–192
loop. Despite high potency and >275-fold
selectivity for Mpro over PLpro, 84 showed
poor bioavailability, and 85 exhibited high
clearance and mild off-target inhibition of
glutathione reductase [15].
Azapeptide analogs replaced the P1
glutamine side chain with heteroaromatics
and incorporated cysteine-reactive
electrophiles. The most potent, compound
20a, inhibited SARS-CoV-2 Mpro (IC₅₀ = 34.7
nM; Kᴅ = 43.1 nM) and retained activity
against resistant mutants (e.g., E166V).
Crystallographic analysis (PDB: 9MDQ)
confirmed covalent attachment to Cys145
and H-bonds with Gly143, Ser144, and
Glu166. Its P2 leucine interacts
hydrophobically with His41 and Met165,
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 High-throughput screening of 89,193
compounds revealed compound 1, a
dithiocarbamate inhibitor (IC₅₀ = 21 nM),
forming a covalent transthiocarbamoyl
bond with Cys145 and H-bonds with His163
and Asn142. Its dithiocarbamate moiety is
essential for activity, conferring strong
selectivity for Mpro over host proteases
[28].
 The chimeric protein RetroMAD1 displayed
anti-Mpro activity (IC₅₀ = 86.9 µg/mL; ΔG =
−12.3 kcal/mol) via interactions with His41–
Cys145 catalytic dyad, outperforming
remdesivir and ivermectin in docking
affinity [29].
 High-throughput FRET screening of
325,000 compounds yielded compound
Cpd_1, a covalent Mpro inhibitor (IC₅₀ = 0.42
± 0.04 µM) interacting with Cys145 and
His41. It showed >71-fold selectivity and
effectively suppressed viral replication in
cell assays [30].
 Among 61 isatin–pyrazolone derivatives,
compound 45 exhibited the best affinity (ΔG
= −98.76 ± 23.10 kcal/mol) via H-bonds with
Met276, Arg279, Ala285, and Leu287.
Some derivatives displayed mutagenic and
hepatotoxic liabilities requiring
optimization [31].
 Green tea catechins—EGCG, ECG, and
GCG—bound Mpro with affinities of −7.6 to
−9.0 kcal/mol, forming H-bonds with His41,
Cys145, and Phe140. GCG exhibited highest
stability and favorable pharmacokinetics,
with minimal toxicity [32].
 Synthetically optimized 8H-indeno[1,2-
d]thiazoles yielded compound 45 (IC₅₀ = 1.28
± 0.17 µM), forming H-bonds with Asn142
and Glu166 (S1) and hydrophobic
interactions with Arg188 and Met165 (S2).
Methoxy group positioning was critical to
potency [33].
Crowdsourced fragment screening and
alchemical optimization of >18,000 designs 

 Compound S-217622 emerged as a highly
potent, nonpeptidic, noncovalent inhibitor
(IC₅₀ = 0.013 µM) with once-daily oral
efficacy. It forms H-bonds with His163,
Glu166, and Thr26, and hydrophobic
contacts with Met49, His41, and Cys145. Its
trifluorobenzene moiety π-stacks with
His41, yielding strong selectivity for
coronavirus proteases without host off-
targets [22].
 Lead optimization yielded compound E24,
an antiviral agent (EC₅₀ = 0.84 µM) that
reduces viral RNA levels in lung organoids
without cytotoxicity. It can impair SARS-
CoV-2 replication in multiple cell types by
binding Mpro’s active site via π–π stacking
with His41 and H-bonds with Glu166 [23].
 Compound 3b, a 5-nitrothiazol-2-yl–
carboxamide derivative, inhibited Mpro (IC₅₀
= 5.12 mg/mL) and exhibited strong binding
(−6.94 kcal/mol) via H-bonds with Glu166,
Cys145, and His163. Smaller α-substituents
enhanced activity, while ADMET data
suggested favorable tolerance [24].
 
 Virtual screening of lichen metabolites
identified Calycin and Rhizocarpic acid as
potential hits, with Rhizocarpic acid
showing superior affinity (−57.85 kJ/mol)
via multiple H-bonds with Glu166, Gln189,
and Gly192, and no predicted toxicity [25].
 Machine learning–aided screening
identified 3-benzyl-1,3-benzothiazol-2-one
as a potent, low-toxicity Mpro inhibitor
forming π–H interactions with Glu166,
similar to Ebselen’s mechanism [26].
Structure-based design of andrographolide
analogs incorporating a 2,4,5-
trifluorobenzene moiety led to compound 1
(IC₅₀ = 72.0 ± 3.9 µM), a noncovalent
inhibitor forming H-bonds with His41 and
hydrophobic contacts with Met49 and
Met165. It showed 70% inhibition at 100 µM
with moderate cytotoxicity [27]. 
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, NL63, and 229E, aided by an extra
hydrogen bond with Gly258. Compound
WEHI-P8, selected for superior
pharmacokinetics, showed potent antiviral
activity (EC₅₀ = 360 nM) and demonstrated
oral efficacy in severe SARS-CoV-2 models,
outperforming Paxlovid-like treatment in
viral suppression and inflammation
reduction. Early PLpro inhibition with WEHI-
P8 also prevented long-COVID-like
symptoms. Notably, WEHI-P4 showed
superior viral titer  reduction compared to
nirmatrelvir at equivalent concentrations
[37].
 Structure-based design guided the
development of compound 2, which showed
submicromolar enzymatic potency,
intracellular activity (EC₅₀ = 3.61 µM), low
cytotoxicity, and high specificity for SARS-
CoV-2 PLpro. Compound 2 covalently binds
Cys111 and forms multiple stabilizing
hydrogen bonds, π-π interactions, and a salt
bridge within the active site, as confirmed
by biochemical and thermal shift assays
[38].
 Virtual screening and molecular docking
identified additional PLpro inhibitors.
ZINC43071312 exhibited strong binding
affinity (−9.7 kcal/mol) and potent inhibition
(IC₅₀ = 460 nM), though safety concerns
were noted [39]. 
High-throughput FRET screening identified
Jun-series inhibitors, with compound Jun9-
75-4 emerging as the most potent (IC₅₀ =
0.62 µM), displaying enhanced BL2-loop
interactions and superior potency over
GRL0617 while remaining selective for
PLpro [40].Further structure-based
optimization yielded compound Jun12682, a
highly potent and selective PLpro inhibitor
(IC₅₀ = 106.8 nM; EC₅₀ = 0.42 µM),active
against SARS-CoV-2 variants and
nirmatrelvir-resistant strains.It binds both
the catalytic site and auxiliary regions, 

produced a nonpeptidomimetic Mpro
inhibitor (median IC₅₀ = 37 ± 2 nM; EC₅₀ =
64–126 nM). It interacts with H163, E166,
and N142 (S1) and His41 and Met165 (S2),
showing oral bioavailability and a 1.4 h half-
life [34].

 Docking-based virtual screening of 212,736
compounds identified compound VS10 (IC₅₀
= 0.2 µM), over threefold more potent than
Ebselen. It binds at the catalytic cleft (S1–
S4) via strong H-bonds with Gly143, Ser144,
and Cys145 [35].
 Protease assay screening of repurposed
drugs identified compound MG-101 (IC₅₀ =
2.89 ± 0.86 µM) forming a covalent bond
with Cys145 and interacting with His41,
Met165, and Glu166 of Mpro. Additional hits
—sitagliptin (PLpro IC₅₀ = 1.14 µM) binds
adjacent to the active site of PL , blocking
the entrance to the catalytic triad, and
forms hydrophobic interactions with
prolines and other residues. Daclatasvir has
difficulty inserting into the narrow active
site of PLpro (PLpro IC₅₀ = 1.83 µM)—it
showed potential allosteric inhibition [36].

pro

Papain‐like protease (PLpro) inhibitors
Paxlovid targets SARS-CoV-2 Mpro and is
effective during acute infection; however,
post-acute sequelae of COVID-19 (PASC)
remain unresolved. Consequently, PLpro
has emerged as an alternative antiviral
target. WEHI-P1 was identified as a PLpro
inhibitor (IC₅₀ = 2.6 µM), binding a newly
formed pocket involving Pro247 and the
GRL active site, enabled by Met208 side-
chain rotation. Optimization led to WEHI-P
analogues, including WEHI-P4, which
showed additional BL2-loop interactions
with Tyr268. Replacement of the
cyclohexanol group with a 3-substituted
pyrazole in WEHI-P70 enhanced pan-
coronavirus activity but reduced potency;
WEHI-P70 inhibited PLpro from SARS-CoV- 
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 required [46].
Large-scale virtual screening further identified novel
PLpro binders with favorable docking scores and
ADME profiles, including compound H01, which
outperformed the co- crystallized ligand Y97 in silico
with docking score of -83.191 kcal/mol [47]. 
 Finally, Lu et al. reported compound GZNL-P36, a
potent non-covalent PLpro inhibitor with broad
antiviral and anti-inflammatory activity, strong in
vivo efficacy, and nanomolar potency against SARS-
CoV-2 and other coronaviruses, though
pharmacokinetic limitations remain [48].

 including the BL2 groove, without inhibiting
human deubiquitinases USP7 or USP14 [41].
Compounds Jun11273, Jun11213, and
Jun11165 were identified as non-covalent
allosteric inhibitors binding a solvent-
exposed palm-region groove, exhibiting
moderate antiviral activity and acceptable
microsomal stability [42].
Pharmacophore-based screening and
docking identified 6 nanomolar PLpro
inhibitors (117-122) in figure.1 that bind
beneath the BL2 loop near Pro247/Pro248,
achieving selectivity over the human UCH-
L1 enzyme and acceptable 

 toxicity profiles [43]. 

 Curcumin-derived PLpro inhibitors were
also developed, with compound 10g
showing strong binding stability and
favorable in silico pharmacokinetics, though
experimental validation remains necessary
[44].
 Ebselen and its derivatives were identified
as covalent PLpro inhibitors with nanomolar
potency, forming seleno-sulfur bonds with
catalytic cysteines. Structural
modifications, particularly ortho-hydroxy
substitutions, enhanced activity,
exemplified by compound 1d (IC₅₀ = 236 nM)
[45]. 
 Repurposing studies identified FDA-
approved drugs such as chloroquine and
formoterol as potential PLpro inhibitors
targeting the S3/S4 pocket, though
functional validation of this binding site is 

                                  Figure.1

Transmembrane Serine Protease 2 (TMPRSS2)
Very few studies have targeted TMPRSS2 between
2020 and 2025 compared with viral proteases such
as Mpro and PLpro, likely because TMPRSS2 is a
host-derived enzyme and inhibition may disrupt its
physiological function. Screening of 1410 FDA-
approved compounds identified lumacaftor and
ergotamine as TMPRSS2 binders, interacting with
residues around the active site, including His296,
Lys342, Cys390, Ser436, Cys437, Gly439, Ser441,
Trp461, Gly462, Ser463, and Gly464, through
hydrogen bonding and hydrophobic interactions,
although limited selectivity and potential safety
concerns remain. Using molecular networking,
pharmacophore modeling, virtual screening (672
hits), and docking, Parameswaran et al. identified six
additional TMPRSS2 inhibitors (ZINC00896543,
ZINC05316843, ZINC00537805, ZINC03794794,
ZINC11592625, and ZINC00601298) that bind the
known active site. The lead compound,
ZINC00896543 (flecainide), showed the highest
binding affinity (−22.0 kcal/mol) and interacted with
key residues Trp194, Lys193, Thr203, Met242,
Tyr244, Phe252, Ile340, and Lys290 via π–π
stacking, hydrophobic contacts, and hydrogen bond
acceptor interactions, highlighting aromatic and
hydrogen bond acceptor features as critical
determinants of TMPRSS2 inhibition. [49,50]

HCV NS3/4A inhibitors
Structure-based virtual screening of 500 RECAP-
generated compounds, followed by detailed
evaluation of the top 200 candidates using LigPlot
and GB/VI analyses, identified 12 novel HCV NS3/4A
protease inhibitors. Among these, compound 12
emerged as the most promising, exhibiting the
highest docking score (−14.66 kJ/mol), strong
binding affinity (−7.05 kJ/mol), and favorable
solvation energy (−50.0 kJ/mol), while binding to the
NS3/4A active site through interactions with key
residues including His57, Asp81, Arg123, Lys136,
Ala157, and Cys159. Complementary binary-QSAR 
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screening of ~522,000 compounds from
BindingDB, NCI, and Specs-SC databases,
followed by toxicity filtering, docking,
molecular dynamics, and pharmacophore-
based analyses, identified three additional
candidates (140–142) in figure.2 with high
ligand efficiency. These inhibitors
selectively target the HCV NS3 protease
domain of genotype 3a, binding the
catalytic triad residues His77, Asp101, and
Ser159 via hydrogen bonding, hydrophobic
interactions, and water-mediated bridges,
with reference drugs telaprevir and
sofosbuvir guiding the screening 

 strategy. [51,52]
                                Figure.2

Norovirus 3CLPro inhibitors

High-throughput screening of ~300
compounds combined with molecular
docking identified a novel class of
peptidomimetic aldehydes as potent
norovirus inhibitors, with compound 10d
emerging as the lead candidate. Compound
10d exhibited nanomolar antiviral activity
against murine norovirus (EC₅₀ = 0.037 ±
0.016 µM) and human norovirus (EC₅₀ = 0.012
± 0.010 µM), effectively suppressing viral
replication in vitro and in animal models.
Mechanistically, it binds to the HuNoV 3CL
protease active site via a covalent linkage
with the catalytic residue Cys139 and forms
stabilizing hydrogen bonds with Ile135,
Gly137, Asp138, Pro136, and Arg112. The
compound displayed high selectivity for the
norovirus protease, broad-spectrum activity
against GI, GII, and GV genotypes (IC₅₀ =
0.09, 0.12, and 0.49 µM, respectively), 

 strong performance in FRET-based
protease assays, inhibition of the HuNoV
GI.1 replicon, and demonstrated in vivo
efficacy in zebrafish larvae, supporting its
potential for clinical development. [53]

HIV-1 protease inhibitors
Ligand-based virtual screening of over
38,000 compounds using DRUDIT, followed
by induced-fit docking, identified
compounds NSC672457 and NSC669704
as promising HIV-1 protease inhibitors with
an optimal balance between on-target
potency and off-target liability; these
compounds bind to the HIV-1 protease
active site, interacting with catalytic
residues Asp25, Asp29, and Asp30, and
forming hydrogen bonds with Ile50, Gly48,
and Gly49 in an extended binding
conformation, while showing low affinity for
off-targets such as EGFR, IGF1R, and ALK,
thereby potentially  reducing adverse
metabolic and cardiovascular effects [54]. 
A complementary ligand-based
pharmacophore modeling and large-scale
3D similarity screening of over 111 million
compounds identified 14 inhibitor
candidates,  with HPS/002 and HPS/004
emerging as the most potent (~90%
inhibition) due to favorable IC₅₀ values and
drug-like ADMET profiles; these compounds
bind the active site through hydrogen
bonding and π–π interactions with Asp25,
Gly27, Asp29, Asp30, and Ile50, although
potential hERG II inhibition and CYP3A4-
mediated metabolism were noted [55]. 
 AI-based screening of 250,000 compounds
using deep learning models identified
ZINC991374169 as a promising inhibitor
that binds to the dimer-interface active site
containing catalytic Asp25 and stabilizes
the protease in a closed conformation [56]. 
Structure-guided synthesis of phenol- and
polyphenol-based inhibitors yielded
compound 15f, which exhibited low-
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picomolar enzymatic potency (2.4 pM),
strong activity against darunavir-resistant
HIV-1 variants, and critical hydrogen-
bonding, hydrophobic, and π–π interactions
within the S2 subsite involving Val82,
Thr80, Arg8, and Ile50, with analogue 148
showing comparable but slightly reduced
activity [57]. Similarly, pyrimidine-based
inhibitor 10e demonstrated nanomolar
potency (IC₅₀ = 2.53 nM), low cytotoxicity,
~68% in vivo inhibition, and effective
binding to the active site via hydrogen
bonds with Asp29, Gly48, and Ile50 (chains
A and B) and van der Waals interactions,
displaying an activity spectrum comparable
to  that of compound 147 against darunavir-
resistant HIV-1 [58].

 only hit showing antiviral activity against
ZIKV PE243 (~40% inhibition, EC₅₀ > 12.5
µM), interacting with Tyr130, Ser135,
Gly153, and Tyr161, including the catalytic
Ser135, although its selectivity index
requires further optimization [60].
Experimental screening of 2,320
compounds from the MNHN library
identified compound 945, a benzoic acid
derivative (2-(3-methoxyphenoxy) benzoic
acid), as a competitive inhibitor of the
NS2B–NS3 protease (IC₅₀ = 1.34  µM; Kᵢ =
0.49 mM), forming hydrogen bonds with
catalytic Ser135 and Thr134, π–π stacking
interactions with His51 and Tyr161, and
hydrophobic contacts with Ala132, though
further structural optimization is needed
[61]. Additionally, a machine learning–based
QSAR and structure-based screening of
2,864 natural compounds highlighted
streptomycin as a strong binder (ΔG =
−20.81 kcal/mol), forming stable hydrogen
bonds with Asn129 and Asn152 and
hydrophobic interactions with Val87 during
molecular dynamics simulations,
suggesting its scaffold may inform the
design of selective antiviral inhibitors
despite its established antibacterial use
[62].

ZIKV NS2B-NS3 inhibitors
Large-scale virtual and experimental
screening efforts have identified several
ZIKV NS2B–NS3 protease inhibitors with
diverse binding modes. Virtual docking of
approximately seven million compounds
using the Molsoft ICM-Pro package
identified six inhibitors with IC₅₀ values
ranging from 3.8 to 14.4 µM that bind a
novel allosteric pocket in the “super-open”
conformation of the protease rather than
the catalytic site, interacting primarily with
hydrophobic residues W83, L85, V146, I147,
G148, and L149, along with Q74, T118, D120,
and I123; among these, compound RI07
emerged as the most promising (IC₅₀ = 3.8
µM), with its aminobenzamide moiety
engaging hydrophobic residues (L76, W83,
L85, V146, I147, G148, L149), amide oxygens
forming hydrogen bonds with V155 and
N152, and a phenylquinoline group
conferring rigidity and optimal fit within the
pocket [59]. 
Consensus docking of 1,176 compounds
using GOLD and DockThor, followed by cell-
based antiviral assays, identified
carbohydrate derivative BR020325 as the 

Dengue virus NS2B/NS3
High-throughput screening using the
DENV2proHeLa luciferase reporter system,
integrating membrane permeability,
metabolic stability, and cytotoxicity
assessments, identified several promising
DENV NS2B–NS3 protease inhibitors.
Compound 20, with a hexanoic acid cap,
showed nearly six-fold higher activity than
a valeric acid cap, exhibiting an IC₅₀ of 11 ±
0.7 µM and Kᵢ of 9.8 µM; it binds the active
site with the positively charged
phenylguanidine in the S1 pocket
interacting with a negatively charged
aspartate, (4-benzyloxy)-L-phenylglycine in  
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 S2, and hexanoic acid and 4-
phenoxybenzoic acid caps in S3 and S4,
forming lipophilic and π–π-stacking
interactions with catalytic histidine [63]. 
Retropeptide-inspired thiazole derivatives
3aq and 3au, bearing –OH and –OCH₃
substituents, exhibited uncompetitive
inhibition against DENV2 NS2B–NS3
protease (IC₅₀ = 4.47 ± 0.41 µM and 7.38 ±
0.60 µM) and also inhibited JEV (IC₅₀ = 1.03 ±
0.21 µM and 1.16 ± 0.16  µM), interacting via
hydrogen bonds with Asp129, Phe130,
Tyr150 and hydrophobic contacts with
His51, Ser135, Gly151, Asp75, and Asn152 in
S1′, S2, and S3 subpockets, although
binding did not directly involve the known
active site [64]. 
 Virtual screening of 22 curcumin analogues
identified compounds compounds 3, 10, and
13 with binding free energies of –15.2, –
13.66, and –13.68 kcal/mol, comparable to
panduratin A (–16.32 kcal/mol); all three
interact with Lys74 in an allosteric site,
with compound 13 showing the strongest
hydrogen bonds to Lys74 and Asn162 and
hydrophobic interactions with His51,
achieving target inhibition of 73–83% in
bioassays [65]. 
 Hybrid pharmacophore scaffolds
combining oxadiazole, arylsulfonamide, and
phthalimide moieties produced compounds
8g (IC₅₀ = 13.9 µM) and 8h (IC₅₀ = 15.1 µM),
binding an allosteric site in the open
conformation via hydrogen bonds with
Trp83 and Asn167, hydrophobic
interactions, and dipole-dipole contacts
with Thr118 [66]. 
 A library of noncharged small-molecule
benzamide derivatives showed competitive
inhibition of DENV2 protease, with EC₅₀
values from 0.24 to 2.2 µM; compound 71
exhibited submicromolar activity (EC₅₀ =
0.24 µM), high selectivity against off-target
proteases, and negligible cytotoxicity, 

 , binding the active site competitively in the
region occupied by aprotinin [67]. 
Glycyrrhizic acid conjugates and dipeptide
esters screened via docking and validated
with FRET assays identified  compounds 11,
17, and 19 as potent inhibitors (IC₅₀ < 1 µM)
that bind the hydrophobic catalytic pocket
of DENV NS3 protease in an open, inactive
conformation; 11 and 17 form hydrogen
bonds with Asp75, Tyr150, and Gly153, with
162 additionally engaging His51, while 19
hydrogen bonds with Gly153, and the
compounds demonstrated low cytotoxicity
(CC₅₀ > 100 µM) and high selectivity (SI >
2000 for 162) [68].
HSV-1 protease inhibitors
Pachota et al. designed and synthesized a
library of structurally diverse HSV-1 capsid
protease inhibitors featuring chiral bicyclic
skeletons with one or two nitrogen atoms
(amine/imine) substituted with
aminophosphonic or sulfonamide groups,
motifs common in antiviral drugs. From this
library, compounds EWDI/39/55BF and
KI207M were identified as potent inhibitors,
with IC₅₀ values of 1.31 ± 0.50 µM and 0.53 ±
0.21 µM by qPCR, and 2.35 ± 2.38 µM and
0.93 ± 0.35 µM in Vero E6 plaque assays,
respectively. Compound KI207M binds the
known active site of HSV-1 protease,
forming an irreversible interaction with the
catalytic serine via its amino-phosphonate
moiety, conferring superior potency
compared to EWDI/39/55BF, which is less
effective against clinical HSV-1 strains. The
structure–activity relationship highlights
the importance of the chiral bicyclic
skeleton, amine/imine functionality, and
phosphonate or sulfonamide substituents,
with groups such as N,N-
dimethylnaphthalen-1-amine enhancing
antiviral activity. Both EWDI/39/55BF and
KI207M showed no systemic or local
toxicity in animal models,with KI207M 
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effectively inhibiting HSV-1 replication and
protecting  animals in lethal challenge
studies, indicating potential for
monotherapy or combination therapy,
though further studies are needed to assess
oral delivery and systemic treatment
suitability [69].

 and MD simulations. Etoposide, a derivative
of epipodophyllotoxin, emerged as the lead
compound with EC₅₀ values of 1.628 ± 0.764
µM in RD cells, 2.329 ± 0.276 µM in HEK-
293T cells, and 1.230 ± 1.561 µM in Vero
cells, and a ΔG_MMGBSA of –34.28
kcal/mol. It binds to residues Tyr89 and
Pro107 in the EV71 2A protease pocket via
van der Waals and hydrogen-bond
interactions, without interacting with the
catalytic active site residues His21, Asp39,
and Cys110. Etoposide effectively inhibits
replication of multiple EV71 strains (A, B, C,
and CVA16) across cell lines with minimal
cytotoxicity, acting through selective
inhibition of the 2A protease as supported
by MD simulations and site-directed
mutagenesis assays [71].

Pan-alphavirus protease inhibitors
 Ghoshal et al. synthesized N-alkyl
sulfamates as a novel class of nsP2
cysteine protease inhibitors, using reverse
amide scaffolds with sulfamate warheads
designed to enhance anti-nsP2pro activity
while improving GSH stability and reducing
GST-mediated metabolism. Biochemical
assays, fluorescence-based
chemoproteomics, and metabolic stability
studies in mouse hepatocytes, along with
infectious alphavirus testing (CHIKV, MAYV,
VEEV), identified N-methyl sulfamate 5 as a
potent and selective inhibitor. N-methyl
sulfamate 5 binds the known active site of
nsP2 protease, likely targeting a catalytic
cysteine, and shows at least 30-fold
selectivity for CHIKV nsP2pro over other
cysteine proteases (cathepsin L, USP7,
UCHL1, SARS-CoV-2 PLpro), with negligible
off-target inhibition. It exhibits high
potency (IC₅₀ = 0.5 µM against CHIKV nsP2),
low GSH reactivity, strong proteome-wide
selectivity, and effectively reduces viral
titers, inhibiting replication of VEEV-nLuc
and CHIKV-nLuc reporter viruses with EC₅₀
~100 nM, establishing it as a promising
covalent chemotype for alphavirus protease
inhibition [70].

Enterovirus 71 protease inhibitors
To identify potent enterovirus 71 (EV71)
protease inhibitors, virtual screening of
2,300 Traditional Chinese Medicine
monomers and derivatives was performed
targeting the 2A protease inhibitor-binding
pocket, followed by antiviral evaluation 

Conclusion

Overall, the summarized studies highlight
viral proteases as broadly druggable
targets across multiple RNA and DNA
viruses, including SARS-CoV-2, other
coronaviruses, HIV-1, HCV, dengue virus
(DENV), Zika virus (ZIKV), norovirus,
enterovirus 71, alphaviruses (CHIKV, VEEV,
MAYV), and herpes simplex virus-1 (HSV-1).
Effective inhibitors were identified using
peptides, small molecules, natural
products, peptidomimetics, covalent and
noncovalent scaffolds, and AI-driven
approaches. Across viruses, potency is
driven by conserved interactions with
catalytic residues (e.g., Cys, Ser, Asp/His
triads) and key substrate-binding pockets,
while both active-site and  allosteric
mechanisms contribute to antiviral activity
and resistance management.
Despite frequent nanomolar biochemical
potency and strong cellular antiviral
effects, many inhibitors face shared
translational challenges, including limited
bioavailability, metabolic instability, 
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 and off-target toxicity. Covalent inhibitors
often provide superior potency against
cysteine or serine proteases but require
careful tuning of electrophilicity, whereas
noncovalent and nonpeptidic inhibitors tend
to offer improved selectivity and drug-like
properties. Advances in high-throughput
screening, structure-based design, machine
learning, and fragment-based optimization
have substantially accelerated discovery
across viral families.
 In conclusion, integrating structural
biology, computational screening, medicinal
chemistry, and in vivo pharmacokinetic
evaluation is essential to translate potent
viral protease inhibitors into safe, orally
available, and resistance-resilient antivirals
for current and emerging viral infections.
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Abstract

Carbonate reservoirs often exhibit oil-wet
behavior due to interactions between
positively charged calcite surfaces and
acidic components of crude oil. While
conventional wettability alteration methods
in low-salinity waterflooding rely on double-
layer effects, mineralogical surface
transformation remains underexplored. This
study investigates the impact of sodium
dihydrogen phosphate (NaH₂PO₄) on
hydroxyapatite formation and wettability
alteration in carbonates. ζ potential
measurements show a systematic shift
toward more negative values with
increasing phosphate concentration. High-
pressure (1000 psig) and high-temperature
(70 °C) contact angle measurements reveal
a significant wettability transition from
136.03° to 90.44° upon addition of 500 ppm
phosphate. Thermodynamic modeling and
TEM/EDX analyses confirm phosphate-
induced calcium phosphate formation at the
calcite surface.
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conditions [2]. This surface charge
promotes adsorption of negatively charged
acidic components from crude oil, such as
carboxylic groups, leading to oil-wet or
mixed-wet states. Oil-wet conditions
reduce spontaneous imbibition, increase
capillary trapping, and ultimately lower
recovery efficiency during waterflooding.
Tuning ionic composition can alter rock
surface electrostatics and wettability [3].
Mechanisms proposed in the literature
include electrical double-layer expansion,
multi-ion exchange, and surface
complexation reactions [4]. Electrokinetic
measurements, particularly ζ potential,
have been widely used to characterize
interfacial charge modification in
carbonate/brine systems [5]. However, most
studies focus on reversible electrostatic
interactions rather than permanent
mineralogical transformations at the rock
surface. In this study, we investigate the
impact of sodium dihydrogen phosphate on
hydroxyapatite formation at the calcite
interface and quantify its effect on
wettability alteration. The objectives are to
evaluate electrokinetic changes induced by
phosphate addition, characterize
mineralogical evidence of hydroxyapatite
growth, and assess the relationship
between surface transformation and
wettability behavior. By linking interfacial 

Introduction

Carbonate reservoirs contain a substantial
fraction of global hydrocarbon resources,
yet oil recovery from these formations is
often limited by unfavorable wettability
conditions [1]. Carbonate minerals, primarily
calcite (CaCO₃), typically exhibit a positively
charged surface under high-salinity 
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For contact angle measurements, tight
carbonate chips were used as
representative substrates. The chips were
first saturated with formation brine,
centrifuged to remove excess fluid, and
subsequently aged in dead crude oil for four
days to establish initial wettability
conditions. The aged chip was then
mounted in a high-pressure contact angle
cell, and high-salinity brine was injected.
Temperature and pressure were maintained
at 70 °C and 1000 psig, respectively. An oil
droplet was deposited onto the rock surface
and allowed to reach equilibrium. The
contact angle was determined using image
analysis of the droplet profile. The
procedure was repeated for brine
containing 500 ppm sodium dihydrogen
phosphate to evaluate the effect of
phosphate addition on wettability. Finally,
Transmission electron microscopy (TEM)
was performed using a probe-corrected
Titan C5 instrument (Thermo Fisher
Scientific). Imaging was conducted in
scanning transmission electron microscopy 

We also performed chemical equilibrium
calculations using PHREEQC [6] with the
phreeqc.dat database. The calculations are
based on the law of mass action which was
used to calculate the molalties of each
component.

geochemistry to macroscopic wettability
measurements, this work proposes a new
recipe for wettability alteration in
carbonates.

Methods

Oil/brine emulsions were prepared by
dispersing a single droplet of crude oil into
5 mL of the respective brine solution. For
calcite/brine suspensions, 0.1 g of finely
ground calcite was added to 20 mL of brine
and mixed thoroughly. Subsequently, 5 mL
of this suspension was transferred into a
new vial containing 15 mL of calcite-free
brine to achieve consistent solid loading
and ionic composition. Sonication was
applied after each preparation step to
minimize particle agglomeration and ensure
uniform dispersion. Solid-to-liquid and
liquid-to-liquid ratios were kept constant
across all experiments to maintain
reproducibility. ζ potential measurements
were performed using phase-analysis light
scattering (PALS) with a Brookhaven
ZetaPALS instrument. In this technique, the
phase shift ⟨Q(t)⟩ of the scattered light
field is extracted directly from the Doppler
signal using a digital signal processor,
allowing determination of electrophoretic
mobility. 

The induced electrical field in the
electrochemical cell will cause colloidal
particles to move with a velocity (v ); this
phenomenon is known as electrophoresis.

s

The induced electrical field in the
electrochemical cell will cause colloidal
particles to move with a velocity (v ); this
phenomenon is known as electrophoresis.

s

The activity (ai = γi * mi) is used to account
for non-ideality through the activity
coefficient (γi); the activity coefficient
model used is a modified version of the
Debye-Hückel equation [7] which depends
on the temperature, ionic strength and ion
type as implemented in the phreeq.dat
thermodynamic database in PHREEQC [6]. 
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(STEM) mode at an accelerating voltage of
200 kV. High-angle annular dark-field
(HAADF) imaging provided Z-contrast,
where image intensity scales approximately
with atomic number. Following imaging,
energy-dispersive X-ray spectroscopy (EDX)
mapping was carried out to identify
elemental distributions, with particular
emphasis on calcium, oxygen, and
phosphorus.

Figure 1: Illustration of the electric double layer
showing the slipping plane at which ζ potential is
defined [8].

Figure 2: Effect of NaH₂PO₄ concentration on ζ
potential for calcite/water suspension and oil/water
emulsion systems.

Figure 3 shows contact angle
measurements conducted at 70 °C and
1000 psig. In seawater without additive, the
measured contact angle (136.03 ± 0.72°)
indicates an oil-wet to intermediate-wet
condition. Upon addition of 500 ppm
NaH₂PO₄, the contact angle increases
significantly (90.44 ± 3.80°), indicating a
pronounced shift toward water-wet
behavior. This change confirms that
phosphate addition alters rock–fluid 

Results and Discussion

This study integrates electrokinetic
measurements, wettability evaluation,
thermodynamic modeling, and high-
resolution microscopy to investigate the
role of sodium dihydrogen phosphate
(NaH₂PO₄) in modifying carbonate surface
chemistry. Figure 1 illustrates the structure
of the electrical double layer formed at a
charged mineral surface in an aqueous
electrolyte. When calcite is exposed to
brine, surface charge develops due to
ionization and specific adsorption of ionic
species. Counter-ions accumulate near the
surface forming the Stern layer, a compact
region of specifically adsorbed ions. Beyond
this region lies the diffuse layer, where ion
distribution is governed by electrostatic
forces and thermal motion. The ζ potential
is not measured at the mineral surface
itself but at the slipping plane. Therefore, ζ
potential reflects the effective
electrostatic potential governing particle–
fluid interactions rather than the true
surface potential.

Figure 2 presents the effect of NaH₂PO₄
concentration on ζ potential for both
calcite/water suspensions and oil/water
emulsions. In the absence of phosphate,
calcite exhibits a slightly positive ζ
potential under high-salinity conditions,
consistent with literature for carbonate
systems. Upon addition of phosphate, the ζ
potential progressively shifts toward more
negative values. At higher phosphate
concentrations, the calcite suspension
becomes distinctly negatively charged. On
the other hand, oil/brine ζ potential
remained negative at all concentrations and
is less affected by the addition of NaH₂PO₄.
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Phosphate chemistry provides a distinct
mechanism for surface modification
through coupled dissolution–precipitation
reactions. Upon addition of NaH₂PO₄ to
calcium-rich systems, partial calcite
dissolution releases Ca²⁺ ions that react
with phosphate species to form
hydroxyapatite (Ca₅(PO₄)₃OH), a
thermodynamically stable calcium
phosphate phase. This process represents a
mineralogical transformation of the
carbonate surface rather than only an
alteration of the electrical double layer.

interactions under reservoir-relevant
conditions. The combination of ζ potential
shift and significant contact angle change
suggests that surface chemistry has been
fundamentally modified. To further
investigate this, we considered the
chemical reactions relevant to this system
(Figure 4). After modeling the system in
PHREEQC, we found that the addition of
sodium dihydrogen phosphate to seawater
will make the solution a weak acid.
Nevertheless, this acid reacts with
carbonate formations resulting in the
deprotonation of dihydrogen phosphate
anions leading to the potential formation of
hydroxyapatite minerals.

Figure 3: Contact angle measurements at T = 70 °C
and P = 1000 psig with (a) seawater (θ = 136.03 ±
0.72) (b) seawater + 500 ppm NaH₂PO₄ (θ = 90.44 ±
3.80).

Transmission electron microscopy provides
direct structural evidence supporting this
interpretation. Figures 5 and 6 compare
calcite particles aged in seawater with and
without phosphate additive. In the absence
of NaH₂PO₄ (Figure 5), HAADF-STEM
imaging shows the expected morphology of
calcite particles, and EDX mapping reveals
strong calcium and oxygen signals with
negligible phosphorus detection. In
contrast, particles exposed to phosphate-
containing brine (Figure 6) exhibit clear
phosphorus enrichment co-localized with
calcium. The spatial overlap of Ca and P
signals indicates formation of a calcium
phosphate phase at or near the calcite
surface.

Figure 4: Relevant aqueous speciation and mineral
equilibrium reactions considered in PHREEQC
modeling, including phosphate protonation
equilibria, calcite dissolution, and hydroxyapatite
precipitation reactions governing coupled
dissolution–precipitation processes.

Figure 5: TEM for CaCO  particles (aged in seawater)
(a) HAADF Image in STEM Mode and EDX mapping in
STEM Mode (b-d) where each show (b) Calcium, (c)
Oxygen and (d) phosphorous.
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of calcite to a thermodynamically stable
calcium phosphate phase. This mineral-
engineering pathway provides a more
persistent modification of surface
chemistry and interfacial reactivity. The
results suggest that targeted phosphate
chemistry may offer a durable and
controllable strategy for wettability
alteration in carbonate reservoirs. Future
work should evaluate long-term stability,
flow-through conditions, and core-scale
recovery performance to assess field
applicability.

Figure 6: TEM for CaCO  particles (aged in seawater
and 500 ppm [NaH PO ]) (a) HAADF Image in STEM
Mode and EDX mapping in STEM Mode (b-d) where
each show (b) Calcium, (c) Oxygen and (d)
phosphorous.

3
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Conclusion

This study demonstrates that sodium
dihydrogen phosphate induces wettability
alteration in carbonate systems through a
mineralogical transformation mechanism
rather than purely electrostatic effects. ζ
potential measurements revealed
systematic interfacial charge modification
with increasing phosphate concentration.
High-pressure contact angle measurements
confirmed a significant shift toward water-
wet behavior under reservoir-relevant
conditions. Thermodynamic modeling
indicated that phosphate addition promotes
hydroxyapatite formation via coupled
dissolution–precipitation reactions
involving calcite-derived Ca²⁺. Direct TEM
and EDX evidence confirmed phosphorus
enrichment at the carbonate surface,
supporting calcium phosphate formation.
Unlike conventional smart water
approaches that rely on reversible electrical
double-layer modification, the mechanism
proposed here involves surface conversion 
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	Abstarct
	Intensity-modulated radiotherapy (IMRT) is the leading treatment modality for nasopharyngeal cancer (NPC), offering precise tumor dose delivery while minimizing exposure to nearby organs at risk (OARs) compared to 3D conformal radiation therapy. This study assessed IMRT resilience to patient positioning errors. Ten nasopharynx carcinoma patients received IMRT with a simultaneous integrated boost, targeting tumor volumes with varying doses over 35 fractions. Simulated setup errors of 3, 5, and 7 mm were applied in different directions. The clinical target volume (CTV) showed minor sensitivity to 3 mm shifts. However, the planning target volume (PTV-70) displayed notable dose variations even with 3 mm shifts, especially in lateral directions. Dose discrepancies were minimal for CTV-70 but more pronounced for PTV-70 with increasing shift size. A 3 mm error notably impacted OAR doses. While the Conformity Index (CI) remained stable with a 3 mm shift, the Homogeneity Index (HI) deviated with larger shifts. Tumor Control Probability (TCP) variations were insignificant for CTV with 3 mm shifts but
	decreased substantially for PTV-70, particularly in lateral shifts. Setup errors also elevated normal tissue complication probabilities (NTCP) for several OARs. This study highlights IMRT limitation to setup errors in NPC treatment, potentially compromising tumor coverage and OAR protection. To improve IMRT reliability, a comprehensive evaluation emphasizing plan robustness and complexity is suggested, emphasizing the need for daily setup error correction to maintain treatment precision. Setup errors of up to 7 mm, with 3 mm errors occurring in a substantial portion of fractions without daily corrections, can significantly impact dose delivery to PTV, potentially compromising tumor control and increasing the risk to surrounding healthy tissues.
	Keywords: Nasopharyngeal Radiotherapy; Intensity-modulated radiotherapy (IMRT); Set-up uncertainty; Dosimetric Evaluation; Radiobiological evaluation

	Introduction
	In NPC, surgical intervention is generally ruled out as an initial course of treatment


	due to the complex anatomical location of the primary tumor, which is in close proximity to vital organs. Radiotherapy has emerged as the principal treatment modality for NPC, with intensity-modulated radiotherapy (IMRT) gaining prominence for its dose-painting capabilities. IMRT allows for precision in dose distribution to the target area while minimizing exposure to nearby OARs, making it superior to 3D conformal radiation therapy [1–5]. Recent advancements in radiotherapy have led to the introduction of the simultaneous integrated boost technique (SIB). This method delivers radiation doses to both initial and boost fields in parallel, thereby not only reducing the overall treatment duration but also potentially augmenting the dose to the primary target volume. However, the use of the SIB technique in head and neck cancers, including NPC, comes with its own set of challenges. Minor inaccuracies in patient positioning can lead to unintended radiation exposure to adjacent healthy tissues and an increased likelihood of missing the tumor altogether. This is particularly concerning given the steep dose gradient between the target volume and sensitive structures such as the parotid gland, spinal cord, and brainstem. As a result, managing setup uncertainties becomes a crucial aspect in the treatment of head and neck cancers [4]. Different previous studies evaluated the varying imaging protocols for imaging frequency, different alignment procedures and different registration sub regions during the treatment in order to strike a balance between treatment efficacy and patient position accurate [6–10]. Different healthcare centers adopt varying protocols for imaging frequency in order to strike a balance between treatment efficacy and accuracy. Incomplete
	knowledge of the remaining fractions can lead to unanticipated deviations in dose and the risk of tumor recurrence [11]. To address this issue, our study seeks to examine the impact of geometric deviations on the precision of highly-optimized IMRT plans [12–16]. While dose-volume histograms (DVH) offer a plethora of data, their complexity often hinders rather than aids the analytical process. To circumvent this challenge, these analysis employs models of tumor control probability (TCP) and normal tissue complication probability (NTCP) as more interpretable metrics [14].This approach enables us to assess the clinical implications of uncertainties in a more intuitive way, moving beyond the limitations of traditional dose-space evaluations. Moreover, this method allows us to incorporate uncertainties and their associated probabilities into the expected outcomes for both tumor control and tissue toxicity, facilitating population-level impact assessments[2, 15]. This study focuses on setup errors across three different shifts 3 mm, 5 mm, and 7 mm in all axes of the Cartesian coordinate system. These values were selected to encapsulate both the range of clinically anticipated uncertainties (3 mm and 5 mm) as well as larger, more extreme uncertainties (7 mm) to observe their exaggerated effects [11, 15–20]. The study aim is to estimate and correlate TCP and NTCP values with traditional dosimetric criteria in IMRT plans for a sample of 10 patients diagnosed with nasopharyngeal carcinoma. This study offers a framework for improving IMRT precision by emphasizing the importance of robust planning, adaptive imaging protocols, and personalized immobilization strategies to mitigate setup errors and optimize treatment outcomes in NPC.
	Dosimetric Analysis and Treatment Protocols for IMRT:
	Table 1. Dosimetric Constraints for Organs at Risk (OARs) [22, 23]
	Evaluating Treatment Plan Efficacy through Physical and Biological Metrics
	Results
	(DVHs) of CTV-70 and PTV-70, compared for 1 treatment plan and recalculated plans with 3,5,7 mm shifts in left direction, respectively.

	The boxplot in Figure 4 (A&C) presents the average percentage dose variation, revealing minor dose discrepancies in CTV-70 for shifts of 3 mm, with mean variations of -0.99% for ΔD98% and -0.66% for ΔD95%. Importantly, indicates that these minor variations in ΔD98% and ΔD95% for a 3 mm shift in all directions are not statistically significant. The most significant dose variations were observed in the Right-Left directions, with the average variations for ΔD98% and ΔD95% in 5 mm and 7 mm isocenter shifts (compared to no shift) reported as -4.75% and -9.92% for ΔD98%, and -2.37% and -6.15% for ΔD95%, respectively. This demonstrates the impact of lateral shifts on dose accuracy, particularly for larger shift magnitudes. In contrast to CTV-70, PTV-70 dosimetric parameters showed a significant impact from shifts as small as 3 mm in the Right-Left direction, as depicted in Figure 4(B&D). The mean changes in ΔD98% and ΔD95% for isocenter shifts of 3 mm, 5 mm, and 7 mm compared to no shift were -4.06%, -7.97%, and -15.83% for ΔD98%, and -2.55%, -7.78%, and -11.27% for ΔD95%, respectively. Figure 4(F) indicates that ΔD2% for CTV-70 showed no significant differences. The average changes in ΔD2% for CTV-70 with isocenter shifts of 3 mm, 5 mm, and 7 mm from no shift were -0.532%, 0.343%, and 0.374%, respectively, with the largest deviations occurring in the inferior and the same occurs for PTV-70 with the largest deviation was observed in the inferior direction. The average changes in ΔD2% for PTV-70 with 3 mm, 5 mm, and 7 mm isocenter shifts from no shift were 0.57%, 1.06%, and 1.67%, respectively.
	The mean absolute dosage (Gy) for D98%, D95%, and D2% in the CTV-70 and PTV-70 was compiled in Table 4. Despite a clear trend of deterioration in PTV coverage, the results indicate that there is no significant reduction in dose for any of the dosimtric parameters for CTV-70 under 3mm setup error. At 3mm shift for PTV-70 the dose reaches 62.08Gy and 64.18Gy for D98% and D95%, respectively, which is less than 95% of the prescribed dose. At 7 mm shift for CTV-70 the dose reaches to 59.84 Gy and 64.30 Gy for D98% and D95%, respectively, while for PTV-70 lowers to 53.61 Gy and 58.80 Gy for the 7 mm shift.
	Table 4: The mean absolute dose (Gy) for CTV-70& PTV-70 for 10 patients due to shift scenarios. *Indicates a statistically significant difference
	Figure 4: Box plot for percentage dose variation ΔD (%) for 3,5,7 mm setup errors in all directions for
	D98%, D95% and D2% in (A, C,F) CTV-70, (B,D,G) PTV-70.The cross represents the mean, the line inside the box represents the median, the bottom of the box represents the 25% quartile, the top of the box represents the 75% quartile, the bottom whisker represents the minimum value, the top whisker represents the maximum value.
	Table 5: Conformity index and Homoginty index

	Table 5 demonstrate that, the CI mean values in 3 mm, 5 mm and 7 mm shifts with respect to no shift were found 0.91, 0.87, and 0.83, respectively. The CI values were revealed no significant difference with nominal values in 3 mm shift a long all translational axis. Almost all other shifts lead to significant changes in the conformity. The HI mean values in 3 mm, 5 mm and 7 mm isocenter shifts with respect to no shift were found 0.14,0.18, 0.23, respectively. The HI values were significantly closer to the nominal value in 3 mm for all shift scenarios but the difference was statistically significant in 5mm and 7 mm shifts.

	The impact of the simulated shift on OARs
	Figure 5 (A-F) illustrates the variation in dose received by organs at risk (OARs). Notably, the brain stem's dose-response envelope, as exemplified in Figure 5B, displays a narrow width, highlighting its high sensitivity to setup uncertainty. This
	sensitivity is particularly pronounced for posterior and lateral shifts, and to a lesser extent, for superior shifts, all of which are statistically significant even with a mere 3 mm shift. Conversely, anterior and inferior shifts did not significantly affect the dose to the brain stem across all evaluated shifts The dose-volume statistics for the spinal cord, in response to various shifts, reveal that maximum point dose increases with greater isocenter misalignment, though not significantly at the D2% level. Significant impacts on the maximum dose are observed for lateral and posterior shifts, even with shifts as small as 3 mm, as illustrated in Figure 5A. In contrast, anterior, superior, and inferior shifts appear to have negligible effects on the spinal cord dose across all shifts The analysis of right and left parotids under various shifts shows a moderate impact of posterior and inferior shifts on the mean dose (Dmean), whereas lateral shifts, followed by anterior and superior ones, significantly affect the dose to both parotids, even with 3 mm shifts, as depicted in Figure 5F.  Figure 5C presents the dose-volume statistics for the optic chiasma across different shifts. The maximum dose (Dmax) to the optic chiasma shows heightened sensitivity to setup uncertainty with lateral, posterior, and superior shifts, even at a 3 mm deviation. Meanwhile, the Dmax remains unaffected by anterior and inferior shifts, underscoring the critical importance of precise setup in avoiding undue exposure to these sensitive structures. For both the right and left optic nerves, a shift of 3 mm resulted in significant changes to the maximum dose (Dmax), particularly with lateral, anterior, and superior movements, indicating notable sensitivity.
	Figure 5: A sample of dose-volume histograms (DVHs) of OARs was compared for 1 treatment plan and 3 recalculated plans under 3 mm shift in left, posterior and superior direction.


	Radiobiological evaluation
	In exploring the robustness of radiation therapy plans against setup errors, specific thresholds were established to evaluate the impact on treatment and normal tissue complication probabilities (TCP and NTCP, respectively). For tumor control probability (TCP), a decrease greater than 2% was considered significant, while for neurological normal tissue complication probability (NTCP), an increase over 1%, and for all other NTCPs, a threshold of 5% was used to assess the significance of changes due to setup errors. Table (6) revealed that the TCP variations in the clinical target volume (CTV) were minimal, staying below 1% for all considered directions with a 3mm shift and the reduction reached to 0.68%. However, significant sensitivity was observed in the planning target volume (PTV-70) in the right-left direction, indicating a notable decrease in TCP by over 2% even with a mere 3mm shift, and escalating to a dramatic decrease of 73.60% with a 7mm shift. This underscores the critical impact of lateral shifts on TCP and highlights the
	importance of precision in setup to ensure effective tumor control. In Figure 6(A-B), the maximum reduction for TCP does not exceed 1% for CTV-70 shows insensitivity for TCP under 3mm shift, and with maximum average ΔTCP% reached to 5.08% in lateral direction, surprisingly, regarding PTV-70the average ΔTCP% in lateral direction reached to 2.42% with maximum variation reached to 73.60%. Moreover, analyses of NTCP increases due to setup errors identified the most vulnerable regions and shifts. Specifically, a 3mm shift posed the highest risk of increased NTCP for the brainstem, spinal cord, and optic chiasma in posterior shifts; for the brainstem, spinal cord, parotid glands, optic chiasma, and optic nerves in lateral shifts; for the brainstem, parotids, optic nerves, and optic chiasma in superior shifts; and for the optic nerves in anterior shifts, Figure 7(A-F).
	Table 6: radiobiological evaluation of setup uncertainty for CTV-70& PTV-70 for 10 patients due to set up uncertainty
	Figure 6 (A-B): The boxplot of ΔTCP% for CTV &PTV.
	Figure 7 (A-F): The boxplot of ΔNTCP% for OARs.


	Discussion
	In this study, we evaluated the dosimetric and radiobiological impacts of setup errors on ten nasopharyngeal cancer patients treated with SIB-IMRT, using a weekly imaging protocol and robust patient immobilization. The findings provide insights into the robustness of treatment plans against isocenter misplacements and emphasize the importance of CTV-to-PTV margin selection in mitigating dosimetric impacts caused by positional uncertainties. Most of the studies have addressed the range of setup errors more than 5 mm shifts  [14, 31] and based on these studies our assumption of random and systematic setup errors with standard deviations equal to 3,5,7 mm in each direction to simulate setup uncertainties.
	In our study, with the CTV to PTV margins applied in the study 3mm in all directions, when the plan was recalculated within this margin, the coverage of the clinical target volume is not compromised in 3mm positioning errors. On the contrary, the isocenter positioning precision plays a relevant role in the case of the PTV and the data demonstrate that when the misplacement is comparable to the CTV to PTV margin, then the under-dosage estimation on the PTV becomes large in lateral shifts due to the area of the lymph nodes. A reason for the larger perturbation in the lymph node might be the adjacent location to skin-air as well as mucosal-air boundary. In line with our results, recalculated the plan robustness under five distinct uncertainty plans (U-plans) using the first five setup mistakes that were acquired using CBCT. The findings highlighted the need of taking setup uncertainties into account when planning and executing treatments, as there were no discernible variations in D2cc for either PTV or CTV[5]. Our results indicate that ΔD98% &ΔD95% and ΔD2% for CTV-70 showed no significant differences with 3mm shift and the largest deviations occurring in the right -left shift for ΔD98% &ΔD95% and inferior direction for ΔD2% due to the involvement of lymph nodes and the dose falloff near the edges of CTV-60, respectively. The same attitude for PTV-70, ΔD2% shows the largest deviation was observed in the inferior direction, which can be attributed to dose variations at the periphery of the PTV-60 target. The mean absolute dosage (Gy) for D98%, D95%, and D2% in the CTV-70 and PTV-70 was compiled in Table 4. Despite a clear trend of deterioration in PTV coverage, the results indicate that there is no significant

	reduction in dose for any of the dosimtric parameters for CTV-70 under 3mm setup error. Similar to the focus of our study, Kaur [32] investigated the effects of setup uncertainties on target volume coverage, using kilovoltage cone beam computed tomography (kV CBCT). The research highlighted a significant discrepancy in PTV coverage when comparing the reference plan to the plan sum, which aggregated all recalculated plans at different isocenters based on setup errors in the x, y, and z directions. In a related vein, Shinde [33]examined the dosimetric impact of interfractional 6D setup errors on tongue cancer treatments employing IMRT and VMAT, with daily monitoring via kV-CBCT. The research pointed out that interfractional 6D setup errors significantly affected D98% for CTV-60, CTV-54, PTV-60, and PTV-54, with measured errors reaching up to 7 mm, 7 mm, 8 mm, and rotations of 3.00, 2.90, and 2.90 degrees along the X, Y, Z, RX, RY, and RZ axes, respectively, showcasing a statistically significant dosimetric impact (p < 0.05). Expressing a similar viewpoint about the significance of taking uncertainty into account, Yang [18] proposed robustness optimization as a vital strategy for reducing unnecessary radiation dose to normal tissues owing to the conventional CTV-to-PTV margin concept. Yang's study engaged in a thorough assessment of worst-case robust optimization for intensity-modulated proton therapy (IMPT) plans, incorporating both setup and range uncertainties. This approach aimed to verify the hypothesis that worst-case robust optimization strategies are sufficiently comprehensive to accommodate the majority of potential setup and range uncertainties encountered in practical scenarios, thereby enhancing the accuracy
	and safety of radiation therapy treatments. One plausible explanation for the heightened perturbation observed in lymph nodes could be their proximity to the skin-air and mucosal-air boundaries. This phenomenon is also evident in CTV-70 when shifts extend beyond 5 mm. Based on our findings, it is evident that when employing a 3mm CTV-PTV margin, the coverage of the CTV remains uncompromised even in the presence of a setup error of 3mm. This observation is consistent with the research conducted by Navran [31], which demonstrated that decreasing the CTV-PTV margin from 5 to 3 mm, coupled with daily CBCT-guided VMAT, mitigated the severity, frequency, and duration of radiation-induced toxicity without compromising treatment outcomes. Furthermore, Prabhakar [14] reported that for simulated setup errors of 3, 5, and 10 mm, the dose to the target volume gradually decreases with increasing setup error, particularly in superior and inferior shifts. This finding underscores the importance of understanding and mitigating the impact of setup errors on dose delivery to ensure optimal treatment outcomes. Ding study analyzed the impact of setup uncertainties by evaluating the first five CBCT scans to adjust the CTV-to-PTV margin. This adjustment enhanced the robustness of the CTV and GTV, reducing but not eliminating the risk of underdosage. The research employed a sophisticated method for quantifying plan robustness, enabling a detailed dose assessment within highly optimized clinical treatment plans. Additionally, Stroom [34] findings highlighted that applying specific CTV to PTV margins—5 mm for lung, 3 mm for brain, and 2 mm for the spine—ensures clinical target volume coverage remains
	unaffected in most cases, even with significant setup errors (ranging from 0.5 to 3 mm). This indicates the effectiveness of strategic margin adjustments in preserving target coverage under varying setup inaccuracies. As to OARs (Fig4), the organs exhibited weak robustness due to their locations in the vicinity of PTVs. These findings are in line with that result reported that the brain stem proximity to the PTV rendered it less robust to setup errors. The dose-volume statistics for the spinal cord, in response to various shifts, reveal that maximum point dose increases with greater isocenter misalignment, though not significantly at the D2% level. These results corroborate with those of Prabhakar [14], who found that a setup error of 3 mm in the posterior and lateral directions significantly impacts the spinal cord dose. These outcomes of parotid glands align with the findings [14], indicating that setup errors in the lateral and anterior directions notably influence the dose to both parotids. Ding [5] also found that, without setup correction, the bilateral parotid glands were particularly sensitive to setup uncertainty, owing to their partial enclosure by PTVs. The maximum dose (Dmax) to the optic chiasma shows heightened sensitivity to setup uncertainty with lateral, posterior, and superior shifts, even at a 3 mm deviation. These results diverge from findings reported by Ding [5], where the Dmax for bilateral optic nerves showed only minor variations without setup correction. When considering translational and rotational errors, with shifts reaching 7–8 mm and 2.9–3.0 degrees respectively, Shinde [33]found significant dose variations. Specifically, the maximum change in dose (ΔD %) for D0.035cc in the spinal cord was 6.5% due to these errors.
	Additionally, the maximum ΔD (%) for the mean dose in the left and right parotids was 15.8% and 24.6%, respectively. Comparing our results to previous studies, These observations stand in contrast to those reported by Kaur [32], where, with maximum errors in the x, y, and z directions of 0.43, 0.44, and 0.42 cm respectively, the comparison between the reference plan and the recalculated plan showed no significant increase in doses to the brainstem, optic chiasm, parotid glands, or optic nerves. When the physical dose changed, the biological effect followed. Table (6) revealed that the TCP variations in the clinical target volume (CTV) were minimal, staying below 1% for all considered directions with a 3mm shift and the reduction reached to 0.68%. However, significant sensitivity was observed in the planning target volume (PTV-70) in the right-left direction. Interestingly, studies by M. Chen [35] and Narvan [36] The study demonstrated that reducing the CTV-PTV margin from 5mm to 3mm did not significantly affect locoregional control, maintaining approximately 80% in both scenarios. Additionally, this reduction in margin size was linked to decreased late toxicity, indicating that a narrower margin might be feasible for minimizing adverse effects without compromising therapeutic efficacy. Further investigations into the setup uncertainties were conducted by Vreize [37] through simulations of 3mm shifts in all translational directions for oropharyngeal cancer patients undergoing VMAT or IMPT. The findings indicated that these plans were generally robust against random errors, with no significant decrease observed in TCP for any endpoints. Moreover, analyses of NTCP increases due to setup errors identified the most
	vulnerable regions and shifts. Specifically, a 3mm shift posed the highest risk of increased NTCP for the brainstem, spinal cord, and optic chiasma in posterior shifts; for the brainstem, spinal cord, parotid glands, optic chiasma, and optic nerves in lateral shifts; for the brainstem, parotids, optic nerves, and optic chiasma in superior shifts; and for the optic nerves in anterior shifts, Figure 7(A-F). This detailed insight into the differential sensitivity of various anatomical structures to setup errors underscores the necessity of precise alignment and the potential for tailored adjustments to minimize the risk of complications while optimizing therapeutic outcomes.  In the realm of radiation therapy, particularly in the treatment of oropharyngeal cancer, the precision of target volume margins and the implementation of image-guided techniques play a pivotal role in both the efficacy of tumor control and the management of treatment-induced complications. Our findings align with those presented by Navran [31], emphasizing the clinical benefits of reducing the CTV to PTV margin from 5mm to 3mm. This reduction, especially when coupled with daily cone-beam computed tomography (CBCT)-guided VMAT, notably decreased the incidence of severe acute mucositis from 42.2% to 30.8% (p = 0.008) and acute grade 3 dysphagia from 33.5% to 22.1% (p = 0.026). Furthermore, the reduction contributed to a lower ongoing dependency on feeding tubes three months post-radiotherapy, showcasing a decrease from 20.4% to 11.1% (p = 0.012), thus underscoring the significance of margin optimization in mitigating acute treatment-related toxicities. Contrastingly, the study by Vreize [37]
	presented a differing perspective, indicating a negligible impact of random shift errors on all tumor control probability (TCP) and normal tissue complication probability (NTCP) endpoints, encompassing both VMAT and intensity-modulated proton therapy (IMPT) plans. This divergence suggests that while setup precision is crucial, the inherent robustness of certain treatment planning approaches might mitigate the dosimetric effects of minor positional deviations. Expanding upon the methodologies for assessing and quantifying patient setup errors, the work by employed an electronic portal imaging device to elucidate the dosimetric and biological implications of setup inaccuracies. The study observed a dose increase ranging from 0.06 to 1.05 Gy within the PTV and CTV, with the maximum dose (Dmax) over the PTV escalating slightly from 77.96 Gy to 78.12 Gy. This adjustment in dose distribution also led to heightened exposure of various organs at risk (OARs), including the spinal cord, brainstem, lens, right optic nerve, and parotids, emphasizing the critical need for precise alignment and the potential benefits of adaptive strategies to counteract the variations introduced by setup errors. Together, these studies encapsulate the multifaceted challenges and considerations in the optimization of radiation therapy protocols. They highlight the delicate balance between minimizing treatment-related toxicities through tighter margin specifications and the necessity of accommodating inherent setup uncertainties to maintain treatment efficacy and safety. Our study highlights that narrowing the margin between CTV and PTV to 3 mm effectively lowers the radiation dose to
	critical non-target tissues, like the parotid glands. This adjustment plays a crucial role in diminishing the occurrence of xerostomia, or dry mouth, and dysphagia, which are common side effects of radiation therapy. The link between reduced radiation exposure to these glands and a decrease in related toxicities is well-supported by other research, emphasizing the importance of precise radiation planning to minimize the impact on patients' quality of life while still effectively targeting cancer cells [38–40]. In this study, a notable limitation was the omission of an evaluation of the dosimetric and biological repercussions of rotational setup errors, which can substantially affect the administered doses. Nevertheless, previous research suggests that the dosimetric impact of rotational setup errors might be less significant compared to translational setup errors, as indicated by Shinde [33]. Throughout the treatment course, reliance solely on translational corrections resulted in minor deviations in the dose coverage of the CTV from the planned values. However, there were instances where the CTV dose coverage could decrease by up to 9.8% for specific treatment fractions, as reported by Weihua [41]. Several studies have investigated the impact of translational setup errors on conformal or IMRT plans for head and neck cancer [5, 32, 34, 42–44]. Although some of these studies incorporated the effects of rotational setup errors along with other geometrical uncertainties [23], the focus of the current study was limited to one aspect of patient dose delivery errors. It is crucial to recognize that additional sources of dose prediction errors exist, stemming from deformations in dose throughout the treatment process, inaccuracies in correcting tissue
	heterogeneities within the dose calculation algorithm, and imprecise modeling of the fluence distribution incident on the patient. This can include flawed assumptions regarding radiation transmission and leakage through the Multi-Leaf Collimator (MLC). To fully assess the potential patient dose error, the errors associated with both random and systematic patient positioning need to be integrated with these additional sources of error. Investigating the sensitivity of patient dose prediction to these other potential error sources is a focus of our future research endeavors.
	This study demonstrates that reducing the CTV-to-PTV margin to 3 mm effectively preserves target coverage under minor setup uncertainties while minimizing dose exposure to adjacent critical structures. This approach not only enhances treatment accuracy but also reduces the likelihood of radiation-induced toxicities, offering a promising pathway for optimizing head and neck cancer radiotherapy protocols. Future research incorporating advanced image guidance techniques and addressing additional error sources will be essential to refine margin strategies and improve patient outcomes.
	Conclusion
	This study explains the dosimetric and radiobiological effects of uncorrected daily translational setup errors in radiation therapy, emphasizing the critical importance of precise patient positioning and daily setup error correction protocols in Intensity-Modulated Radiation Therapy (IMRT). Our findings demonstrate a significant risk of underdosing the target area (PTV-70) and overdosing adjacent organs at risk (OARs) when translational setup errors approach the size of the clinical target volume to planning target volume (CTV to PTV) margin. Intriguingly, the dosimetry for CTV-70 remained largely resilient to shifts up to 3 mm in any direction, attributed to the implementation of a 3-mm PTV margin. TCP analysis revealed a substantial influence of positional shifts on PTV-70, whereas the impact on CTV-70 was minimal. Likewise, OARs exhibit biological significance in the context of the study. Our investigation highlights the considerable sensitivity of IMRT plans in NPC radiotherapy to set-up uncertainties, raising the risk of potential underdosing of the tumor and overdosing of adjacent OARs. To address these concerns, we propose a robust method for evaluating IMRT plan reliability, emphasizing the need to consider both plan robustness and complexity in the context of photon radiotherapy. Furthermore, the study underscores the significant impact of uncorrected interfractional setup errors on the delivered dose to both targets and OARs in NPC cancer. This emphasizes the pivotal role of daily setup error correction in IMRT, ensuring the precision and efficacy of the administered radiation dose.
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	lignocellulosic biomass [2]. In Saudi Arabia, one particularly abundant and underutilized source of cellulose is date palm (Phoenix dactylifera L.) biomass waste, generated in massive quantities from the country's extensive date production industry. With over 33 million date palm trees producing an estimated 200,000 tons of biomass waste annually, this feedstock presents a valuable opportunity for localizing CNC production [3]. Utilizing such waste not only supports environmental stewardship and circular economy principles but also reduces reliance on imported chemical additives for drilling and cementing applications [4]. In this study, CNCs were isolated from date palm fronds through sulfuric acid hydrolysis, a process that selectively cleaves the amorphous regions of cellulose microfibrils while leaving the crystalline regions intact. This process also introduces functional chemical groups to the CNC surface that are critical for performance in drilling fluids. The mechanism of sulfuric acid hydrolysis and the resulting surface chemistry is illustrated in Figure 1. Initially, cellulose (Figure 1a) consists of long chains of β-D-glucopyranose units linked by β-1,4-glycosidic bonds, forming a hierarchical structure composed of both ordered (crystalline) and disordered (amorphous) regions. Upon controlled sulfuric acid treatment, the amorphous regions, being less densely packed and more accessible to acid, are preferentially hydrolysed, resulting in shorter, rod-like crystalline particles (Figure 1b). Importantly, this hydrolysis also causes esterification of surface hydroxyl groupswith sulphate ions from the acid, generating sulphate half-ester (OSO₃⁻) groups shown in red. These
	negatively charged groups impart strong electrostatic repulsion between CNC particles, dramatically improving their colloidal stability in water. The combination of high crystallinity and excellent dispersion stability makes sulfuric acid-derived CNCs highly suitable for aqueous drilling fluid formulations. The schematic in Figure 1c simplifies this concept, representing an individual CNC rod coated with hydroxyl (OH) groups (blue) and sulphate ester groups (red) [5]. The hydroxyl groups provide reactive sites for further surface modification if required, while the sulphate esters help prevent aggregation in the drilling fluid matrix. This dual functionality is critical in ensuring that CNCs remain well-dispersed under downhole conditions, preserving their capacity to influence both fluid loss control and rheological properties. In drilling fluid systems, fluid loss control refers to minimizing the volume of filtrate that escapes into the surrounding geological formation. Effective control prevents formation damage, maintains borehole stability, and improves operational efficiency. CNCs, due to their nanoscale size and ability to interact with other fluid components, can contribute to forming a thin, low-permeability filter cake that limits filtrate invasion. Meanwhile, their elongated, rigid structure and surface chemistry also influence rheology, enhancing the carrying capacity for drill cuttings while controlling viscosity to optimize flow behavior [6]. This study aims to assess the feasibility of using CNCs derived from Saudi date palm biomass as a sustainable alternative to commercially used additivesin water-based drilling muds. The investigation includes detailed physicochemical characterization of the produced CNCs, followed by
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	FTIR-ATR analysis.
	Figure 2 and Table 2 together map the precise chemical fingerprinting of each processing stage, from raw date‐palm lignocellulose to purified α-cellulose and finally to surface-functionalized CNC. In the untreated biomass spectrum, broad absorptions at 3 370 cm⁻¹ (O–H stretch) and 2 920 cm⁻¹ (C–H stretch), together with a pronounced carbonyl band at 1 735 cm⁻¹ and an aromatic C=C vibration at 1 600 cm⁻¹, attest to the coexistence of cellulose, hemicellulose acetyl esters, and lignin moieties. Following alkaline delignification and oxidative bleaching, the complete loss of the 1 735 cm⁻¹ and 1 600 cm⁻¹ bands confirms quantitative removal of non‐cellulosic components, while the O–H and C–H modes sharpen and the β-1,4-glycosidic C–O–C band at 1 033 cm⁻¹ persists intact, revealing a highly purified cellulose framework. Upon sulfuric-acid hydrolysis, all core cellulose bands remain, but a new, sharp sulfate-ester S=O stretch appears at 1 270 cm⁻¹—unequivocal evidence of covalent sulfation of the exposed crystallite surfaces. This strategic introduction of anionic sulfate groups not only shifts the spectral baseline in the 1 200–1 300 cm⁻¹ region but also underpins the colloidal stability and rheological performance of the resultant CNCs. By correlating the disappearance and emergence of these key absorptions (Table 2) with each unit operation, we establish a robust, spectroscopically driven protocol for assessing both cellulose purity and the degree of nanoscale surface functionalization—advancing beyond simple qualitative assignments toward a mechanistic assay that can guide optimization of feedstock pre-treatment and hydrolysis conditions.
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	where I200​ is the intensity of the (200) reflection at 2θ ≈ 22.5° and Iam is the minimum intensity of the amorphous baseline at 2θ ≈ 18°. CI rises from 38 % in raw biomass to 67 % in purified cellulose and 86 % in CNC (Table 3), directly reflecting the progressive removal of non-crystalline components. The systematic increase in CI demonstrates that alkaline pulping and bleaching effectively remove amorphous hemicellulose and lignin, raising the fraction of crystalline cellulose from 38 % to 67 %. Sulfuric-acid hydrolysis further elevates crystallinity to 86 % by selectively cleaving disordered regions while preserving and isolating cellulose crystallites.
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	Abstract
	Reliable operation of boiler auxiliary systems in refineries and gas processing facilities requires effective corrosion control, stringent oxygen management, and continuous monitoring of water chemistry. Corrosion products deposited within these systems preserve a mineralogical record of the prevailing electrochemical environment and therefore provide valuable evidence for diagnosing degradation mechanisms. In this study, crystalline deposits collected from a boiler condensate storage drum and a boiler feed-water deaerator were investigated using powder X-ray diffraction (XRD) combined with Rietveld quantitative phase analysis and crystallographic texture evaluation. The condensate drum sludge is dominated by magnetite (57.13 wt%), with hematite (22.26 wt%) and goethite (19.29 wt%) as secondary phases. In contrast, deposits from the deaerator are hematite-rich (45.24 wt%), followed by magnetite (35.26 wt%) and goethite (17.86 wt%). Preferred-orientation analysis indicates weak crystallographic texture in the condensate drum sample but more pronounced alignment in the deaerator deposits. The mineralogical transition from magnetite-dominated to hematite-dominated assemblages indicates a shift from mixed redox conditions toward a more
	oxidizing corrosion environment along the boiler auxiliary system. These findings demonstrate that quantitative crystallographic characterization provides direct diagnostic evidence for evaluating oxygen control performance and corrosion regime evolution. Integrating XRD–Rietveld analysis into failure investigations can therefore enhance root-cause determination, guide mitigation strategies, and support asset integrity management in refinery and gas-plant operations.
	Keywords: corrosion deposits, Rietveld refinement, refinery failure analysis, deaerator corrosion, X-ray diffraction, industrial asset integrity.

	Introduction
	Boiler auxiliary systems in refineries and gas-processing plants operate under demanding thermal and chemical conditions where corrosion control is essential for maintaining operational reliability. Components such as condensate storage drums and feed-water deaerators are designed to regulate dissolved oxygen levels and stabilize water chemistry before the feed water enters the boiler circuit. Inefficient oxygen removal or inadequate chemical treatment can accelerate corrosion, promote deposit formation, and

	eventually lead to equipment degradation or unplanned plant shutdowns. Corrosion products formed in these environments typically consist of iron oxides and oxyhydroxides whose mineralogical composition reflects the prevailing electrochemical conditions. Magnetite (Fe₃O₄) commonly forms in reducing environments with limited oxygen availability, whereas hematite (Fe₂O₃) and goethite (FeO(OH)) are usually associated with more oxidizing conditions [1-3]. Consequently, the phase composition of corrosion deposits provides valuable information regarding oxygen ingress, water chemistry stability, and corrosion regime evolution within boiler systems. However, sludge and deposits collected from refinery equipment frequently contain mixtures of crystalline corrosion products, amorphous phases, organic residues, and entrained particulates. Without appropriate preparation procedures, these components may obscure diffraction signals and compromise reliable phase identification. Careful removal of hydrocarbons and organic contaminants is therefore essential to obtain representative diffraction patterns suitable for quantitative analysis [4]. Powder X-ray diffraction (XRD) is a well-established analytical technique for identifying crystalline phases in complex materials. When combined with Rietveld refinement, full-pattern fitting enables accurate quantification of multiphase mixtures by modeling the entire diffraction profile using crystallographic structural parameters [5-6]. This method accounts for peak overlap, instrumental broadening, and microstructural effects, thereby providing higher reliability compared with traditional peak-intensity approaches. In addition to phase identification, analysis of crystallographic texture and preferred
	orientation can provide insight into deposition processes and environmental conditions within the system [7,8]. Preferred orientation may develop during crystal growth on metal surfaces or during transport and settling of corrosion products under flowing conditions [9-21]. From an industrial perspective, integrating crystallographic analysis into failure investigations offers significant benefits. Quantitative mineralogical information can help identify corrosion mechanisms, evaluate oxygen control performance, and correlate deposit composition with observed damage patterns. Such insights support more reliable root-cause analysis and enable operators to implement targeted mitigation strategies, including optimized oxygen-scavenger dosing and improved deaeration performance [9-21]. The present work applies X-ray diffraction, Rietveld quantitative phase analysis, and crystallographic texture evaluation [22-40] to deposits collected from two critical boiler auxiliary components in a refinery environment: a condensate storage drum and a feed-water deaerator. The study aims to demonstrate how crystallographic fingerprinting of corrosion products can serve as a practical diagnostic tool for failure analysis and integrity management in refinery and gas-plant operations.

	Objectives
	The primary objective of this study is to establish a reliable crystallographic framework for characterizing corrosion deposits formed within boiler auxiliary systems and to demonstrate how mineralogical information can support failure analysis in refinery and gas-processing environments. Specifically, the study aims to: Isolate and prepare the crystalline fraction of sludge and brownish deposits collected

	Experimental Work
	Results and Discussion
	Condensate storage drum deposits are magnetite-dominant, indicating corrosion under largely reducing conditions.
	Deaerator deposits are hematite-rich, suggesting a more oxidizing corrosion environment.
	The mineralogical transition between these locations reflects changing oxygen exposure within the boiler auxiliary system.
	Hematite-rich deposits may increase corrosion risk due to their lower protective capability.
	XRD combined with Rietveld refinement provides a robust quantitative tool for diagnosing corrosion mechanisms and supporting industrial integrity management.
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	Abstract
	Background/Objectives: Viral proteases are essential mediators of viral replication and maturation and represent validated antiviral drug targets across multiple viral families, including coronaviruses, flaviviruses, caliciviruses, retroviruses, and hepaciviruses. Following the detailed discussion of SARS-CoV-2 proteases in the previous part, this systematic review evaluates recent advances in the development of protease inhibitors, with a primary focus on SARS-CoV-2 main protease (Mpro) and papain-like protease (PLpro), while also contextualizing progress made against proteases from dengue virus, norovirus, hepatitis C virus, HIV-1, and Zika virus.
	Methods: A systematic literature search was performed using PubMed and Google Scholar in August 2025 to identify studies published between 2020 and 2025 that reported the novel design, or screening of viral protease inhibitors.
	Results: The review identified a substantial body of literature describing novel inhibitors of viral proteases. Studies targeting SARS-CoV-2 Mpro and PLpro reported numerous compounds with
	with inhibitory activities spanning the micromolar to nanomolar range, several of which demonstrated effective suppression of viral replication in cellular or animal models. In parallel, proteases from other pathogenic viruses—including dengue virus, norovirus, hepatitis C virus, HIV-1, and Zika virus—were also investigated, highlighting shared mechanistic features and druggability across viral protease families. Both catalytic-site and allosteric inhibition strategies were employed, enabling the discovery of structurally diverse molecules with potential for broad-spectrum antiviral activity.
	Conclusions: SARS-CoV-2 Mpro and PLpro remain the most extensively characterized viral protease targets, driven by the urgency of the COVID-19 pandemic. However, advances in inhibitor development for proteases from dengue virus, norovirus, hepatitis C virus, HIV-1, and Zika virus underscore the broader relevance of protease-focused antiviral strategies. Collectively, the compound libraries and mechanistic insights generated through these studies provide a robust foundation for the rational design and optimization of

	next-generation antiviral therapeutics with potential cross-viral applicability.
	Keywords: SARS-CoV-2; MPro; PLPro; HCV; HIV; Zika virus; Protease inhibitors

	Introduction
	As we discussed in the first part of this review [part one reference], Extensive high-throughput screening, structure-based virtual screening, and molecular dynamics studies have identified a diverse range of SARS-CoV-2 main protease (Mpro/3CLpro) inhibitors, including FDA-approved drugs, synthetic scaffolds, and natural products. Herein, we will complete the data discussing SARS-CoV-2 proteases, Mpro and PLpro and further information about other viruses’ proteases.
	Dengue virus (DENV) NS2B/NS3 DENV, a mosquito-borne pathogen with four serotypes (DENV-1–4), relies on the NS2B–NS3 protease (NS2B–NS3pro) for viral polyprotein processing. This enzyme, conserved across serotypes, consists of the NS3Pro domain (with protease activity) and the NS2B cofactor, which wraps around NS3Pro to stabilize the complex and aid substrate recognition. The catalytic triad—His51, Asp75, and Ser135—drives proteolysis. Unlike typical trypsin-like proteases, NS2B–NS3pro specifically cleaves sites containing two cationic residues, making selective inhibition challenging. Early drug design has been hindered by the protease’s flat active site and the need for conformational changes in the NS2B fragment during substrate binding. However, additional surface-exposed clusters of residues near the active site have been identified as potential alternative binding regions for inhibitor development. [1-2]
	Hepatitis C Virus (HCV) NS3/4A HCV is a major cause of liver inflammation
	that can progress to cirrhosis and hepatocellular carcinoma. Its replication depends on the NS3 serine protease, which functions with the NS4A cofactor and NS5B polymerase. The NS3 protease, part of the chymotrypsin-like serine protease family, consists of two similar β-barrel domains. Its catalytic triad—Asp102, His57, and Ser195—forms a charge relay system that activates Ser195 for nucleophilic attack on the peptide bond’s carbonyl carbon, enabling cleavage during viral protein processing. [3-4]
	that can progress to cirrhosis and hepatocellular carcinoma. Its replication depends on the NS3 serine protease, which functions with the NS4A cofactor and NS5B polymerase. The NS3 protease, part of the chymotrypsin-like serine protease family, consists of two similar β-barrel domains. Its catalytic triad—Asp102, His57, and Ser195—forms a charge relay system that activates Ser195 for nucleophilic attack on the peptide bond’s carbonyl carbon, enabling cleavage during viral protein processing. [3-4]
	Norovirus protease Norovirus, a member of the Caliciviridae family, is a major cause of human gastroenteritis. Its high transmissibility stems from a low infectious dose (<100 viral particles), extended viral shedding, and environmental stability. The norovirus 3CLpro protease, a cysteine protease with a chymotrypsin-like fold, is essential for viral polyprotein processing. Its catalytic residues (C139, H30, and E54) and an oxyanion hole lie within a deep cleft between the N- and C-terminal domains. The C-terminal domain mediates substrate binding through an antiparallel β-sheet stabilized by hydrogen bonds between substrate residues P5–P2 and protease residues K162–A158.The S1 pocket—
	formed by T134 and H157—recognizes the substrate’s P1 Gln or Glu, while the S2 pocket, a hydrophobic cavity of I109, R112, and V114, accommodates bulky hydrophobic residues like Leu or Phe. These conserved structural features, particularly C139 and T134, are crucial for norovirus proteolytic activity and make 3CLpro a key antiviral target. [5-6]
	Human Immunodeficiency Virus type 1 (HIV-1) protease HIV-1, the causative agent of AIDS, relies on three key enzymes—reverse transcriptase (RT), integrase, and protease (PR)—for viral replication. The HIV-1 protease is a C2-symmetrical homodimer, with each monomer being a 99–amino acid chain. The amino and carboxyl termini of both monomers form a tight β-sheet interface, essential for dimer stability and enzymatic activity. The active site includes six amino acids (triads Asp, Thr, Gly found in each monomer) in AA positions 25 to 27 and 25’ to 27’.  Hydrogen bonding between Thr26 and Thr26′stabilizes the active site conformation, while Gly27 and Gly27′help correctly position the substrate so the catalytic Asp25 and Asp25′residues can cleave the peptide bond. This symmetric dimeric structure is critical for the protease’s function and makes it a central target in antiretroviral drug design. [7]

	Zika virus (ZIKV) NS2B-NS3
	ZIKV is a mosquito-borne flavivirus primarily transmitted by Aedes species. Its replication depends on the NS2B–NS3 protease complex (NS2B–NS3pro), where NS3 provides the protease function and NS2B acts as a membrane-associated cofactor essential for enzymatic activity.The NS3 protease adopts a chymotrypsin-like fold with a conserved
	catalytic triad—Ser135, His51, and Asp75. Structurally, the β-strand (residues 52–57) of NS2B inserts into the N-terminal β-barrel of NS3, stabilizing the complex in a closed conformation. The C-terminal β-hairpin (residues 74–86) of NS2B helps form the S2 substrate-binding pocket. [8] In the active enzyme, NS2B’s N-terminal β-strand integrates into NS3’s domain, while its C-terminal region wraps around the NS3 active site, securing substrate positioning for efficient proteolysis. [9]
	Herpes simplex virus type 1 (HSV-1)  HSV-1 is an enveloped double-stranded DNA virus whose protease is essential for viral capsid assembly. [10] Proteolytic processing of this enzyme occurs at two main cleavage sites: Ala247–Ser248 near the amino terminus and Ala610–Ser611 near the carboxyl terminus, the latter located 25 amino acids from the protease’s end. These cleavage events are critical for protease maturation and proper capsid formation. [11]

	Results and Discussion
	SARS-CoV2 proteases Mpro/3CLpro inhibitors: Six peptides identified via phage display and next-generation sequencing demonstrated anti-Mpro activity through binding to both the active and allosteric sites. Enzyme assays, SPR, and MD simulations confirmed IC₅₀ values in the low micromolar range. Competitive peptides  preferentially targeted the substrate-binding region, interacting with D-glutamine at P1, while noncompetitive peptides acted allosterically. Although metabolically stable, their low bioavailability and short half-lives limit therapeutic application [12].Large-scale screening (~1.5 million ChemDiv compounds
	) and covalent docking led to compound 82, containing electrophilic warheads (nitrile, Michael acceptor, chloromethyl ketone), with IC₅₀ = 8.5 ± 0.94 µM. It forms a covalent bond with Cys145, H-bond with Gly143, π–π stacking with His41, and a halogen bond with Met165. Despite moderate reactivity, its tunable electrophilicity makes it a viable scaffold for optimization [13].  GC376, identified via fluorescence-based assays, is a covalent SARS-CoV-2 Mpro inhibitor (IC₅₀ = 26.4 nM; EC₅₀ = 0.91 μM; Kᵢ = 12 nM). It forms a thiohemiketal bond with Cys145 and H-bonds with Phe140, Gly143, Ser144, His163, His164, Glu166, and Gln189. Binding optimization suggests replacing the isobutyl and benzene moieties to improve Met49 and Glu166 interactions [14].  SM141 and SM142, designed as dual Mpro/Cathepsin L inhibitors (IC₅₀ = 8.2 and 14.7 nM), demonstrated potent antiviral effects in SARS-CoV-2–infected mice. Both form covalent adducts with Cys145 and H-bonds with Thr26, Glu166, and His164. Their γ-lactam glutamine mimetic occupies the S1 pocket, while phenylalanines at P2/P3 engage in π–π stacking with the 187–192 loop. Despite high potency and >275-fold selectivity for Mpro over PLpro, 84 showed poor bioavailability, and 85 exhibited high clearance and mild off-target inhibition of glutathione reductase [15]. Azapeptide analogs replaced the P1 glutamine side chain with heteroaromatics and incorporated cysteine-reactive electrophiles. The most potent, compound 20a, inhibited SARS-CoV-2 Mpro (IC₅₀ = 34.7 nM; Kᴅ = 43.1 nM) and retained activity against resistant mutants (e.g., E166V). Crystallographic analysis (PDB: 9MDQ) confirmed covalent attachment to Cys145 and H-bonds with Gly143, Ser144, and Glu166. Its P2 leucine interacts hydrophobically with His41 and Met165,
	, while the indole group forms stabilizing contacts across S3–S4 subsites. Although efficacy surpassed nirmatrelvir in resistant strains, cytotoxicity profiles remained comparable [16].  Anisotine, an alkaloid from Justicia adhatoda, displayed stronger binding affinity (ΔG = −42.23 kcal/mol) than darunavir or lopinavir. It binds the Mpro active site via H-bonds with His41 and Cys145, van der Waals contacts with Thr25–Gln189, and π–alkyl interactions with Leu27 and Met49 [17].  High-throughput pharmacophore-based screening of 300,000 compounds yielded compound 90, a 3CLpro inhibitor (IC₅₀ = 5.48 µM, EC₅₀ = 14.9 µM) with low cytotoxicity and unique chirality-dependent potency. Its enantiomer exhibited superior antiviral activity comparable to remdesivir [18].  Polyphenolic inhibitors Exifone and Benserazide hydrochloride showed IC₅₀ = 3.18 and 0.37 µM, respectively. Benserazide acts as a covalent binder to Mpro, while Exifone blocks ACE2–S-RBD interaction, exhibiting dual-target antiviral potential. Exifone forms H-bonds with T111, I152, D153, D295, and R298 at the domain II/III cleft but suffers from hepatotoxicity [19].  AI-Deep docking of 1.3 billion ZINC15 compounds identified ZINC000541677852 (92), with Glide SP score −11.32 kcal/mol. It binds Mpro’s active site by mimicking substrate positions P1–P4 and P1′, forming H-bonds with Cys145, Leu141, His164, and Gln192 [20].  A chemical biology study using Antrodia cinnamomea extracts identified TMD as a dual 3CLpro/PLpro inhibitor. It forms H-bonds with His41, Gly143, Ser144, and Cys145 in 3CLpro and with Glu167, Tyr264, and Tyr268 in PLpro. TMD showed no toxicity up to 300 mg/kg and outperformed nirmatrelvir in safety profile, retaining
	Compound S-217622 emerged as a highly potent, nonpeptidic, noncovalent inhibitor (IC₅₀ = 0.013 µM) with once-daily oral efficacy. It forms H-bonds with His163, Glu166, and Thr26, and hydrophobic contacts with Met49, His41, and Cys145. Its trifluorobenzene moiety π-stacks with His41, yielding strong selectivity for coronavirus proteases without host off-targets [22].  Lead optimization yielded compound E24, an antiviral agent (EC₅₀ = 0.84 µM) that reduces viral RNA levels in lung organoids without cytotoxicity. It can impair SARS-CoV-2 replication in multiple cell types by binding Mpro’s active site via π–π stacking with His41 and H-bonds with Glu166 [23].  Compound 3b, a 5-nitrothiazol-2-yl–carboxamide derivative, inhibited Mpro (IC₅₀ = 5.12 mg/mL) and exhibited strong binding (−6.94 kcal/mol) via H-bonds with Glu166, Cys145, and His163. Smaller α-substituents enhanced activity, while ADMET data suggested favorable tolerance [24].
	Virtual screening of lichen metabolites identified Calycin and Rhizocarpic acid as potential hits, with Rhizocarpic acid showing superior affinity (−57.85 kJ/mol) via multiple H-bonds with Glu166, Gln189, and Gly192, and no predicted toxicity [25].  Machine learning–aided screening identified 3-benzyl-1,3-benzothiazol-2-one as a potent, low-toxicity Mpro inhibitor forming π–H interactions with Glu166, similar to Ebselen’s mechanism [26]. Structure-based design of andrographolide analogs incorporating a 2,4,5-trifluorobenzene moiety led to compound 1 (IC₅₀ = 72.0 ± 3.9 µM), a noncovalent inhibitor forming H-bonds with His41 and hydrophobic contacts with Met49 and Met165. It showed 70% inhibition at 100 µM with moderate cytotoxicity [27].
	High-throughput screening of 89,193 compounds revealed compound 1, a dithiocarbamate inhibitor (IC₅₀ = 21 nM), forming a covalent transthiocarbamoyl bond with Cys145 and H-bonds with His163 and Asn142. Its dithiocarbamate moiety is essential for activity, conferring strong selectivity for Mpro over host proteases [28].  The chimeric protein RetroMAD1 displayed anti-Mpro activity (IC₅₀ = 86.9 µg/mL; ΔG = −12.3 kcal/mol) via interactions with His41–Cys145 catalytic dyad, outperforming remdesivir and ivermectin in docking affinity [29].  High-throughput FRET screening of 325,000 compounds yielded compound Cpd_1, a covalent Mpro inhibitor (IC₅₀ = 0.42 ± 0.04 µM) interacting with Cys145 and His41. It showed >71-fold selectivity and effectively suppressed viral replication in cell assays [30].  Among 61 isatin–pyrazolone derivatives, compound 45 exhibited the best affinity (ΔG = −98.76 ± 23.10 kcal/mol) via H-bonds with Met276, Arg279, Ala285, and Leu287. Some derivatives displayed mutagenic and hepatotoxic liabilities requiring optimization [31].  Green tea catechins—EGCG, ECG, and GCG—bound Mpro with affinities of −7.6 to −9.0 kcal/mol, forming H-bonds with His41, Cys145, and Phe140. GCG exhibited highest stability and favorable pharmacokinetics, with minimal toxicity [32].  Synthetically optimized 8H-indeno[1,2-d]thiazoles yielded compound 45 (IC₅₀ = 1.28 ± 0.17 µM), forming H-bonds with Asn142 and Glu166 (S1) and hydrophobic interactions with Arg188 and Met165 (S2). Methoxy group positioning was critical to potency [33]. Crowdsourced fragment screening and alchemical optimization of >18,000 designs
	produced a nonpeptidomimetic Mpro inhibitor (median IC₅₀ = 37 ± 2 nM; EC₅₀ = 64–126 nM). It interacts with H163, E166, and N142 (S1) and His41 and Met165 (S2), showing oral bioavailability and a 1.4 h half-life [34].
	Docking-based virtual screening of 212,736 compounds identified compound VS10 (IC₅₀ = 0.2 µM), over threefold more potent than Ebselen. It binds at the catalytic cleft (S1–S4) via strong H-bonds with Gly143, Ser144, and Cys145 [35].  Protease assay screening of repurposed drugs identified compound MG-101 (IC₅₀ = 2.89 ± 0.86 µM) forming a covalent bond with Cys145 and interacting with His41, Met165, and Glu166 of Mpro. Additional hits—sitagliptin (PLpro IC₅₀ = 1.14 µM) binds adjacent to the active site of PLpro, blocking the entrance to the catalytic triad, and forms hydrophobic interactions with prolines and other residues. Daclatasvir has difficulty inserting into the narrow active site of PLpro (PLpro IC₅₀ = 1.83 µM)—it showed potential allosteric inhibition [36].
	Papain‐like protease (PLpro) inhibitors Paxlovid targets SARS-CoV-2 Mpro and is effective during acute infection; however, post-acute sequelae of COVID-19 (PASC) remain unresolved. Consequently, PLpro has emerged as an alternative antiviral target. WEHI-P1 was identified as a PLpro inhibitor (IC₅₀ = 2.6 µM), binding a newly formed pocket involving Pro247 and the GRL active site, enabled by Met208 side-chain rotation. Optimization led to WEHI-P analogues, including WEHI-P4, which showed additional BL2-loop interactions with Tyr268. Replacement of the cyclohexanol group with a 3-substituted pyrazole in WEHI-P70 enhanced pan-coronavirus activity but reduced potency; WEHI-P70 inhibited PLpro from SARS-CoV-
	, NL63, and 229E, aided by an extra hydrogen bond with Gly258. Compound WEHI-P8, selected for superior pharmacokinetics, showed potent antiviral activity (EC₅₀ = 360 nM) and demonstrated oral efficacy in severe SARS-CoV-2 models, outperforming Paxlovid-like treatment in viral suppression and inflammation reduction. Early PLpro inhibition with WEHI-P8 also prevented long-COVID-like symptoms. Notably, WEHI-P4 showed superior viral titer  reduction compared to nirmatrelvir at equivalent concentrations [37].  Structure-based design guided the development of compound 2, which showed submicromolar enzymatic potency, intracellular activity (EC₅₀ = 3.61 µM), low cytotoxicity, and high specificity for SARS-CoV-2 PLpro. Compound 2 covalently binds Cys111 and forms multiple stabilizing hydrogen bonds, π-π interactions, and a salt bridge within the active site, as confirmed by biochemical and thermal shift assays [38].  Virtual screening and molecular docking identified additional PLpro inhibitors. ZINC43071312 exhibited strong binding affinity (−9.7 kcal/mol) and potent inhibition (IC₅₀ = 460 nM), though safety concerns were noted [39].  High-throughput FRET screening identified Jun-series inhibitors, with compound Jun9-75-4 emerging as the most potent (IC₅₀ = 0.62 µM), displaying enhanced BL2-loop interactions and superior potency over GRL0617 while remaining selective for PLpro [40].Further structure-based optimization yielded compound Jun12682, a highly potent and selective PLpro inhibitor (IC₅₀ = 106.8 nM; EC₅₀ = 0.42 µM),active against SARS-CoV-2 variants and nirmatrelvir-resistant strains.It binds both the catalytic site and auxiliary regions,
	including the BL2 groove, without inhibiting human deubiquitinases USP7 or USP14 [41]. Compounds Jun11273, Jun11213, and Jun11165 were identified as non-covalent allosteric inhibitors binding a solvent-exposed palm-region groove, exhibiting moderate antiviral activity and acceptable microsomal stability [42]. Pharmacophore-based screening and docking identified 6 nanomolar PLpro inhibitors (117-122) in figure.1 that bind beneath the BL2 loop near Pro247/Pro248, achieving selectivity over the human UCH-L1 enzyme and acceptable
	toxicity profiles [43].
	Figure.1
	Curcumin-derived PLpro inhibitors were also developed, with compound 10g showing strong binding stability and favorable in silico pharmacokinetics, though experimental validation remains necessary [44].  Ebselen and its derivatives were identified as covalent PLpro inhibitors with nanomolar potency, forming seleno-sulfur bonds with catalytic cysteines. Structural modifications, particularly ortho-hydroxy substitutions, enhanced activity, exemplified by compound 1d (IC₅₀ = 236 nM) [45].   Repurposing studies identified FDA-approved drugs such as chloroquine and formoterol as potential PLpro inhibitors targeting the S3/S4 pocket, though functional validation of this binding site is
	required [46]. Large-scale virtual screening further identified novel PLpro binders with favorable docking scores and ADME profiles, including compound H01, which outperformed the co- crystallized ligand Y97 in silico with docking score of -83.191 kcal/mol [47].   Finally, Lu et al. reported compound GZNL-P36, a potent non-covalent PLpro inhibitor with broad antiviral and anti-inflammatory activity, strong in vivo efficacy, and nanomolar potency against SARS-CoV-2 and other coronaviruses, though pharmacokinetic limitations remain [48].
	Transmembrane Serine Protease 2 (TMPRSS2) Very few studies have targeted TMPRSS2 between 2020 and 2025 compared with viral proteases such as Mpro and PLpro, likely because TMPRSS2 is a host-derived enzyme and inhibition may disrupt its physiological function. Screening of 1410 FDA-approved compounds identified lumacaftor and ergotamine as TMPRSS2 binders, interacting with residues around the active site, including His296, Lys342, Cys390, Ser436, Cys437, Gly439, Ser441, Trp461, Gly462, Ser463, and Gly464, through hydrogen bonding and hydrophobic interactions, although limited selectivity and potential safety concerns remain. Using molecular networking, pharmacophore modeling, virtual screening (672 hits), and docking, Parameswaran et al. identified six additional TMPRSS2 inhibitors (ZINC00896543, ZINC05316843, ZINC00537805, ZINC03794794, ZINC11592625, and ZINC00601298) that bind the known active site. The lead compound, ZINC00896543 (flecainide), showed the highest binding affinity (−22.0 kcal/mol) and interacted with key residues Trp194, Lys193, Thr203, Met242, Tyr244, Phe252, Ile340, and Lys290 via π–π stacking, hydrophobic contacts, and hydrogen bond acceptor interactions, highlighting aromatic and hydrogen bond acceptor features as critical determinants of TMPRSS2 inhibition. [49,50]
	HCV NS3/4A inhibitors Structure-based virtual screening of 500 RECAP-generated compounds, followed by detailed evaluation of the top 200 candidates using LigPlot and GB/VI analyses, identified 12 novel HCV NS3/4A protease inhibitors. Among these, compound 12 emerged as the most promising, exhibiting the highest docking score (−14.66 kJ/mol), strong binding affinity (−7.05 kJ/mol), and favorable solvation energy (−50.0 kJ/mol), while binding to the NS3/4A active site through interactions with key residues including His57, Asp81, Arg123, Lys136, Ala157, and Cys159. Complementary binary-QSAR

	screening of ~522,000 compounds from BindingDB, NCI, and Specs-SC databases, followed by toxicity filtering, docking, molecular dynamics, and pharmacophore-based analyses, identified three additional candidates (140–142) in figure.2 with high ligand efficiency. These inhibitors selectively target the HCV NS3 protease domain of genotype 3a, binding the catalytic triad residues His77, Asp101, and Ser159 via hydrogen bonding, hydrophobic interactions, and water-mediated bridges, with reference drugs telaprevir and sofosbuvir guiding the screening
	strategy. [51,52]                                 Figure.2

	Norovirus 3CLPro inhibitors
	High-throughput screening of ~300 compounds combined with molecular docking identified a novel class of peptidomimetic aldehydes as potent norovirus inhibitors, with compound 10d emerging as the lead candidate. Compound 10d exhibited nanomolar antiviral activity against murine norovirus (EC₅₀ = 0.037 ± 0.016 µM) and human norovirus (EC₅₀ = 0.012 ± 0.010 µM), effectively suppressing viral replication in vitro and in animal models. Mechanistically, it binds to the HuNoV 3CL protease active site via a covalent linkage with the catalytic residue Cys139 and forms stabilizing hydrogen bonds with Ile135, Gly137, Asp138, Pro136, and Arg112. The compound displayed high selectivity for the norovirus protease, broad-spectrum activity against GI, GII, and GV genotypes (IC₅₀ = 0.09, 0.12, and 0.49 µM, respectively),
	strong performance in FRET-based protease assays, inhibition of the HuNoV GI.1 replicon, and demonstrated in vivo efficacy in zebrafish larvae, supporting its potential for clinical development. [53]
	HIV-1 protease inhibitors Ligand-based virtual screening of over 38,000 compounds using DRUDIT, followed by induced-fit docking, identified compounds NSC672457 and NSC669704 as promising HIV-1 protease inhibitors with an optimal balance between on-target potency and off-target liability; these compounds bind to the HIV-1 protease active site, interacting with catalytic residues Asp25, Asp29, and Asp30, and forming hydrogen bonds with Ile50, Gly48, and Gly49 in an extended binding conformation, while showing low affinity for off-targets such as EGFR, IGF1R, and ALK, thereby potentially  reducing adverse metabolic and cardiovascular effects [54].  A complementary ligand-based pharmacophore modeling and large-scale 3D similarity screening of over 111 million compounds identified 14 inhibitor candidates,  with HPS/002 and HPS/004 emerging as the most potent (~90% inhibition) due to favorable IC₅₀ values and drug-like ADMET profiles; these compounds bind the active site through hydrogen bonding and π–π interactions with Asp25, Gly27, Asp29, Asp30, and Ile50, although potential hERG II inhibition and CYP3A4-mediated metabolism were noted [55].   AI-based screening of 250,000 compounds using deep learning models identified ZINC991374169 as a promising inhibitor that binds to the dimer-interface active site containing catalytic Asp25 and stabilizes the protease in a closed conformation [56].  Structure-guided synthesis of phenol- and polyphenol-based inhibitors yielded compound 15f, which exhibited low-
	picomolar enzymatic potency (2.4 pM), strong activity against darunavir-resistant HIV-1 variants, and critical hydrogen-bonding, hydrophobic, and π–π interactions within the S2 subsite involving Val82, Thr80, Arg8, and Ile50, with analogue 148 showing comparable but slightly reduced activity [57]. Similarly, pyrimidine-based inhibitor 10e demonstrated nanomolar potency (IC₅₀ = 2.53 nM), low cytotoxicity, ~68% in vivo inhibition, and effective binding to the active site via hydrogen bonds with Asp29, Gly48, and Ile50 (chains A and B) and van der Waals interactions, displaying an activity spectrum comparable to  that of compound 147 against darunavir-resistant HIV-1 [58].
	ZIKV NS2B-NS3 inhibitors Large-scale virtual and experimental screening efforts have identified several ZIKV NS2B–NS3 protease inhibitors with diverse binding modes. Virtual docking of approximately seven million compounds using the Molsoft ICM-Pro package identified six inhibitors with IC₅₀ values ranging from 3.8 to 14.4 µM that bind a novel allosteric pocket in the “super-open” conformation of the protease rather than the catalytic site, interacting primarily with hydrophobic residues W83, L85, V146, I147, G148, and L149, along with Q74, T118, D120, and I123; among these, compound RI07 emerged as the most promising (IC₅₀ = 3.8 µM), with its aminobenzamide moiety engaging hydrophobic residues (L76, W83, L85, V146, I147, G148, L149), amide oxygens forming hydrogen bonds with V155 and N152, and a phenylquinoline group conferring rigidity and optimal fit within the pocket [59].  Consensus docking of 1,176 compounds using GOLD and DockThor, followed by cell-based antiviral assays, identified carbohydrate derivative BR020325 as the
	only hit showing antiviral activity against ZIKV PE243 (~40% inhibition, EC₅₀ > 12.5 µM), interacting with Tyr130, Ser135, Gly153, and Tyr161, including the catalytic Ser135, although its selectivity index requires further optimization [60]. Experimental screening of 2,320 compounds from the MNHN library identified compound 945, a benzoic acid derivative (2-(3-methoxyphenoxy) benzoic acid), as a competitive inhibitor of the NS2B–NS3 protease (IC₅₀ = 1.34  µM; Kᵢ = 0.49 mM), forming hydrogen bonds with catalytic Ser135 and Thr134, π–π stacking interactions with His51 and Tyr161, and hydrophobic contacts with Ala132, though further structural optimization is needed [61]. Additionally, a machine learning–based QSAR and structure-based screening of 2,864 natural compounds highlighted streptomycin as a strong binder (ΔG = −20.81 kcal/mol), forming stable hydrogen bonds with Asn129 and Asn152 and hydrophobic interactions with Val87 during molecular dynamics simulations, suggesting its scaffold may inform the design of selective antiviral inhibitors despite its established antibacterial use [62].
	Dengue virus NS2B/NS3 High-throughput screening using the DENV2proHeLa luciferase reporter system, integrating membrane permeability, metabolic stability, and cytotoxicity assessments, identified several promising DENV NS2B–NS3 protease inhibitors. Compound 20, with a hexanoic acid cap, showed nearly six-fold higher activity than a valeric acid cap, exhibiting an IC₅₀ of 11 ± 0.7 µM and Kᵢ of 9.8 µM; it binds the active site with the positively charged phenylguanidine in the S1 pocket interacting with a negatively charged aspartate, (4-benzyloxy)-L-phenylglycine in
	S2, and hexanoic acid and 4-phenoxybenzoic acid caps in S3 and S4, forming lipophilic and π–π-stacking interactions with catalytic histidine [63].  Retropeptide-inspired thiazole derivatives 3aq and 3au, bearing –OH and –OCH₃ substituents, exhibited uncompetitive inhibition against DENV2 NS2B–NS3 protease (IC₅₀ = 4.47 ± 0.41 µM and 7.38 ± 0.60 µM) and also inhibited JEV (IC₅₀ = 1.03 ± 0.21 µM and 1.16 ± 0.16  µM), interacting via hydrogen bonds with Asp129, Phe130, Tyr150 and hydrophobic contacts with His51, Ser135, Gly151, Asp75, and Asn152 in S1′, S2, and S3 subpockets, although binding did not directly involve the known active site [64].   Virtual screening of 22 curcumin analogues identified compounds compounds 3, 10, and 13 with binding free energies of –15.2, –13.66, and –13.68 kcal/mol, comparable to panduratin A (–16.32 kcal/mol); all three interact with Lys74 in an allosteric site, with compound 13 showing the strongest hydrogen bonds to Lys74 and Asn162 and hydrophobic interactions with His51, achieving target inhibition of 73–83% in bioassays [65].   Hybrid pharmacophore scaffolds combining oxadiazole, arylsulfonamide, and phthalimide moieties produced compounds 8g (IC₅₀ = 13.9 µM) and 8h (IC₅₀ = 15.1 µM), binding an allosteric site in the open conformation via hydrogen bonds with Trp83 and Asn167, hydrophobic interactions, and dipole-dipole contacts with Thr118 [66].   A library of noncharged small-molecule benzamide derivatives showed competitive inhibition of DENV2 protease, with EC₅₀ values from 0.24 to 2.2 µM; compound 71 exhibited submicromolar activity (EC₅₀ = 0.24 µM), high selectivity against off-target proteases, and negligible cytotoxicity,
	, binding the active site competitively in the region occupied by aprotinin [67].  Glycyrrhizic acid conjugates and dipeptide esters screened via docking and validated with FRET assays identified  compounds 11, 17, and 19 as potent inhibitors (IC₅₀ < 1 µM) that bind the hydrophobic catalytic pocket of DENV NS3 protease in an open, inactive conformation; 11 and 17 form hydrogen bonds with Asp75, Tyr150, and Gly153, with 162 additionally engaging His51, while 19 hydrogen bonds with Gly153, and the compounds demonstrated low cytotoxicity (CC₅₀ > 100 µM) and high selectivity (SI > 2000 for 162) [68].
	HSV-1 protease inhibitors Pachota et al. designed and synthesized a library of structurally diverse HSV-1 capsid protease inhibitors featuring chiral bicyclic skeletons with one or two nitrogen atoms (amine/imine) substituted with aminophosphonic or sulfonamide groups, motifs common in antiviral drugs. From this library, compounds EWDI/39/55BF and KI207M were identified as potent inhibitors, with IC₅₀ values of 1.31 ± 0.50 µM and 0.53 ± 0.21 µM by qPCR, and 2.35 ± 2.38 µM and 0.93 ± 0.35 µM in Vero E6 plaque assays, respectively. Compound KI207M binds the known active site of HSV-1 protease, forming an irreversible interaction with the catalytic serine via its amino-phosphonate moiety, conferring superior potency compared to EWDI/39/55BF, which is less effective against clinical HSV-1 strains. The structure–activity relationship highlights the importance of the chiral bicyclic skeleton, amine/imine functionality, and phosphonate or sulfonamide substituents, with groups such as N,N-dimethylnaphthalen-1-amine enhancing antiviral activity. Both EWDI/39/55BF and KI207M showed no systemic or local toxicity in animal models,with KI207M
	effectively inhibiting HSV-1 replication and protecting  animals in lethal challenge studies, indicating potential for monotherapy or combination therapy, though further studies are needed to assess oral delivery and systemic treatment suitability [69].
	Pan-alphavirus protease inhibitors  Ghoshal et al. synthesized N-alkyl sulfamates as a novel class of nsP2 cysteine protease inhibitors, using reverse amide scaffolds with sulfamate warheads designed to enhance anti-nsP2pro activity while improving GSH stability and reducing GST-mediated metabolism. Biochemical assays, fluorescence-based chemoproteomics, and metabolic stability studies in mouse hepatocytes, along with infectious alphavirus testing (CHIKV, MAYV, VEEV), identified N-methyl sulfamate 5 as a potent and selective inhibitor. N-methyl sulfamate 5 binds the known active site of nsP2 protease, likely targeting a catalytic cysteine, and shows at least 30-fold selectivity for CHIKV nsP2pro over other cysteine proteases (cathepsin L, USP7, UCHL1, SARS-CoV-2 PLpro), with negligible off-target inhibition. It exhibits high potency (IC₅₀ = 0.5 µM against CHIKV nsP2), low GSH reactivity, strong proteome-wide selectivity, and effectively reduces viral titers, inhibiting replication of VEEV-nLuc and CHIKV-nLuc reporter viruses with EC₅₀ ~100 nM, establishing it as a promising covalent chemotype for alphavirus protease inhibition [70].
	Enterovirus 71 protease inhibitors To identify potent enterovirus 71 (EV71) protease inhibitors, virtual screening of 2,300 Traditional Chinese Medicine monomers and derivatives was performed targeting the 2A protease inhibitor-binding pocket, followed by antiviral evaluation
	and MD simulations. Etoposide, a derivative of epipodophyllotoxin, emerged as the lead compound with EC₅₀ values of 1.628 ± 0.764 µM in RD cells, 2.329 ± 0.276 µM in HEK-293T cells, and 1.230 ± 1.561 µM in Vero cells, and a ΔG_MMGBSA of –34.28 kcal/mol. It binds to residues Tyr89 and Pro107 in the EV71 2A protease pocket via van der Waals and hydrogen-bond interactions, without interacting with the catalytic active site residues His21, Asp39, and Cys110. Etoposide effectively inhibits replication of multiple EV71 strains (A, B, C, and CVA16) across cell lines with minimal cytotoxicity, acting through selective inhibition of the 2A protease as supported by MD simulations and site-directed mutagenesis assays [71].

	Conclusion
	Overall, the summarized studies highlight viral proteases as broadly druggable targets across multiple RNA and DNA viruses, including SARS-CoV-2, other coronaviruses, HIV-1, HCV, dengue virus (DENV), Zika virus (ZIKV), norovirus, enterovirus 71, alphaviruses (CHIKV, VEEV, MAYV), and herpes simplex virus-1 (HSV-1). Effective inhibitors were identified using peptides, small molecules, natural products, peptidomimetics, covalent and noncovalent scaffolds, and AI-driven approaches. Across viruses, potency is driven by conserved interactions with catalytic residues (e.g., Cys, Ser, Asp/His triads) and key substrate-binding pockets, while both active-site and  allosteric mechanisms contribute to antiviral activity and resistance management. Despite frequent nanomolar biochemical potency and strong cellular antiviral effects, many inhibitors face shared translational challenges, including limited bioavailability, metabolic instability,
	and off-target toxicity. Covalent inhibitors often provide superior potency against cysteine or serine proteases but require careful tuning of electrophilicity, whereas noncovalent and nonpeptidic inhibitors tend to offer improved selectivity and drug-like properties. Advances in high-throughput screening, structure-based design, machine learning, and fragment-based optimization have substantially accelerated discovery across viral families.  In conclusion, integrating structural biology, computational screening, medicinal chemistry, and in vivo pharmacokinetic evaluation is essential to translate potent viral protease inhibitors into safe, orally available, and resistance-resilient antivirals for current and emerging viral infections.
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	Abstract
	Carbonate reservoirs often exhibit oil-wet behavior due to interactions between positively charged calcite surfaces and acidic components of crude oil. While conventional wettability alteration methods in low-salinity waterflooding rely on double-layer effects, mineralogical surface transformation remains underexplored. This study investigates the impact of sodium dihydrogen phosphate (NaH₂PO₄) on hydroxyapatite formation and wettability alteration in carbonates. ζ potential measurements show a systematic shift toward more negative values with increasing phosphate concentration. High-pressure (1000 psig) and high-temperature (70 °C) contact angle measurements reveal a significant wettability transition from 136.03° to 90.44° upon addition of 500 ppm phosphate. Thermodynamic modeling and TEM/EDX analyses confirm phosphate-induced calcium phosphate formation at the calcite surface.

	Introduction
	Carbonate reservoirs contain a substantial fraction of global hydrocarbon resources, yet oil recovery from these formations is often limited by unfavorable wettability conditions [1]. Carbonate minerals, primarily calcite (CaCO₃), typically exhibit a positively charged surface under high-salinity
	conditions [2]. This surface charge promotes adsorption of negatively charged acidic components from crude oil, such as carboxylic groups, leading to oil-wet or mixed-wet states. Oil-wet conditions reduce spontaneous imbibition, increase capillary trapping, and ultimately lower recovery efficiency during waterflooding. Tuning ionic composition can alter rock surface electrostatics and wettability [3]. Mechanisms proposed in the literature include electrical double-layer expansion, multi-ion exchange, and surface complexation reactions [4]. Electrokinetic measurements, particularly ζ potential, have been widely used to characterize interfacial charge modification in carbonate/brine systems [5]. However, most studies focus on reversible electrostatic interactions rather than permanent mineralogical transformations at the rock surface. In this study, we investigate the impact of sodium dihydrogen phosphate on hydroxyapatite formation at the calcite interface and quantify its effect on wettability alteration. The objectives are to evaluate electrokinetic changes induced by phosphate addition, characterize mineralogical evidence of hydroxyapatite growth, and assess the relationship between surface transformation and wettability behavior. By linking interfacial

	geochemistry to macroscopic wettability measurements, this work proposes a new recipe for wettability alteration in carbonates.

	Methods
	Oil/brine emulsions were prepared by dispersing a single droplet of crude oil into 5 mL of the respective brine solution. For calcite/brine suspensions, 0.1 g of finely ground calcite was added to 20 mL of brine and mixed thoroughly. Subsequently, 5 mL of this suspension was transferred into a new vial containing 15 mL of calcite-free brine to achieve consistent solid loading and ionic composition. Sonication was applied after each preparation step to minimize particle agglomeration and ensure uniform dispersion. Solid-to-liquid and liquid-to-liquid ratios were kept constant across all experiments to maintain reproducibility. ζ potential measurements were performed using phase-analysis light scattering (PALS) with a Brookhaven ZetaPALS instrument. In this technique, the phase shift ⟨Q(t)⟩ of the scattered light field is extracted directly from the Doppler signal using a digital signal processor, allowing determination of electrophoretic mobility.
	The induced electrical field in the electrochemical cell will cause colloidal particles to move with a velocity (vs); this phenomenon is known as electrophoresis.
	The induced electrical field in the electrochemical cell will cause colloidal particles to move with a velocity (vs); this phenomenon is known as electrophoresis.
	We also performed chemical equilibrium calculations using PHREEQC [6] with the phreeqc.dat database. The calculations are based on the law of mass action which was used to calculate the molalties of each component.
	The activity (ai = γi * mi) is used to account for non-ideality through the activity coefficient (γi); the activity coefficient model used is a modified version of the Debye-Hückel equation [7] which depends on the temperature, ionic strength and ion type as implemented in the phreeq.dat thermodynamic database in PHREEQC [6].
	For contact angle measurements, tight carbonate chips were used as representative substrates. The chips were first saturated with formation brine, centrifuged to remove excess fluid, and subsequently aged in dead crude oil for four days to establish initial wettability conditions. The aged chip was then mounted in a high-pressure contact angle cell, and high-salinity brine was injected. Temperature and pressure were maintained at 70 °C and 1000 psig, respectively. An oil droplet was deposited onto the rock surface and allowed to reach equilibrium. The contact angle was determined using image analysis of the droplet profile. The procedure was repeated for brine containing 500 ppm sodium dihydrogen phosphate to evaluate the effect of phosphate addition on wettability. Finally, Transmission electron microscopy (TEM) was performed using a probe-corrected Titan C5 instrument (Thermo Fisher Scientific). Imaging was conducted in scanning transmission electron microscopy
	(STEM) mode at an accelerating voltage of 200 kV. High-angle annular dark-field (HAADF) imaging provided Z-contrast, where image intensity scales approximately with atomic number. Following imaging, energy-dispersive X-ray spectroscopy (EDX) mapping was carried out to identify elemental distributions, with particular emphasis on calcium, oxygen, and phosphorus.

	Results and Discussion
	This study integrates electrokinetic measurements, wettability evaluation, thermodynamic modeling, and high-resolution microscopy to investigate the role of sodium dihydrogen phosphate (NaH₂PO₄) in modifying carbonate surface chemistry. Figure 1 illustrates the structure of the electrical double layer formed at a charged mineral surface in an aqueous electrolyte. When calcite is exposed to brine, surface charge develops due to ionization and specific adsorption of ionic species. Counter-ions accumulate near the surface forming the Stern layer, a compact region of specifically adsorbed ions. Beyond this region lies the diffuse layer, where ion distribution is governed by electrostatic forces and thermal motion. The ζ potential is not measured at the mineral surface itself but at the slipping plane. Therefore, ζ potential reflects the effective electrostatic potential governing particle–fluid interactions rather than the true surface potential.
	Figure 1: Illustration of the electric double layer showing the slipping plane at which ζ potential is defined [8].

	Figure 2 presents the effect of NaH₂PO₄ concentration on ζ potential for both calcite/water suspensions and oil/water emulsions. In the absence of phosphate, calcite exhibits a slightly positive ζ potential under high-salinity conditions, consistent with literature for carbonate systems. Upon addition of phosphate, the ζ potential progressively shifts toward more negative values. At higher phosphate concentrations, the calcite suspension becomes distinctly negatively charged. On the other hand, oil/brine ζ potential remained negative at all concentrations and is less affected by the addition of NaH₂PO₄.
	Figure 2: Effect of NaH₂PO₄ concentration on ζ potential for calcite/water suspension and oil/water emulsion systems.

	Figure 3 shows contact angle measurements conducted at 70 °C and 1000 psig. In seawater without additive, the measured contact angle (136.03 ± 0.72°) indicates an oil-wet to intermediate-wet condition. Upon addition of 500 ppm NaH₂PO₄, the contact angle increases significantly (90.44 ± 3.80°), indicating a pronounced shift toward water-wet behavior. This change confirms that phosphate addition alters rock–fluid

	interactions under reservoir-relevant conditions. The combination of ζ potential shift and significant contact angle change suggests that surface chemistry has been fundamentally modified. To further investigate this, we considered the chemical reactions relevant to this system (Figure 4). After modeling the system in PHREEQC, we found that the addition of sodium dihydrogen phosphate to seawater will make the solution a weak acid. Nevertheless, this acid reacts with carbonate formations resulting in the deprotonation of dihydrogen phosphate anions leading to the potential formation of hydroxyapatite minerals.
	Figure 3: Contact angle measurements at T = 70 °C and P = 1000 psig with (a) seawater (θ = 136.03 ± 0.72) (b) seawater + 500 ppm NaH₂PO₄ (θ = 90.44 ± 3.80).

	Transmission electron microscopy provides direct structural evidence supporting this interpretation. Figures 5 and 6 compare calcite particles aged in seawater with and without phosphate additive. In the absence of NaH₂PO₄ (Figure 5), HAADF-STEM imaging shows the expected morphology of calcite particles, and EDX mapping reveals strong calcium and oxygen signals with negligible phosphorus detection. In contrast, particles exposed to phosphate-containing brine (Figure 6) exhibit clear phosphorus enrichment co-localized with calcium. The spatial overlap of Ca and P signals indicates formation of a calcium phosphate phase at or near the calcite surface.
	Figure 4: Relevant aqueous speciation and mineral equilibrium reactions considered in PHREEQC modeling, including phosphate protonation equilibria, calcite dissolution, and hydroxyapatite precipitation reactions governing coupled dissolution–precipitation processes.

	Phosphate chemistry provides a distinct mechanism for surface modification through coupled dissolution–precipitation reactions. Upon addition of NaH₂PO₄ to calcium-rich systems, partial calcite dissolution releases Ca²⁺ ions that react with phosphate species to form hydroxyapatite (Ca₅(PO₄)₃OH), a thermodynamically stable calcium phosphate phase. This process represents a mineralogical transformation of the carbonate surface rather than only an alteration of the electrical double layer.
	Figure 5: TEM for CaCO3 particles (aged in seawater) (a) HAADF Image in STEM Mode and EDX mapping in STEM Mode (b-d) where each show (b) Calcium, (c) Oxygen and (d) phosphorous.
	Figure 6: TEM for CaCO3 particles (aged in seawater and 500 ppm [NaH2PO4]) (a) HAADF Image in STEM Mode and EDX mapping in STEM Mode (b-d) where each show (b) Calcium, (c) Oxygen and (d) phosphorous.


	Conclusion
	This study demonstrates that sodium dihydrogen phosphate induces wettability alteration in carbonate systems through a mineralogical transformation mechanism rather than purely electrostatic effects. ζ potential measurements revealed systematic interfacial charge modification with increasing phosphate concentration. High-pressure contact angle measurements confirmed a significant shift toward water-wet behavior under reservoir-relevant conditions. Thermodynamic modeling indicated that phosphate addition promotes hydroxyapatite formation via coupled dissolution–precipitation reactions involving calcite-derived Ca²⁺. Direct TEM and EDX evidence confirmed phosphorus enrichment at the carbonate surface, supporting calcium phosphate formation. Unlike conventional smart water approaches that rely on reversible electrical double-layer modification, the mechanism proposed here involves surface conversion
	of calcite to a thermodynamically stable calcium phosphate phase. This mineral-engineering pathway provides a more persistent modification of surface chemistry and interfacial reactivity. The results suggest that targeted phosphate chemistry may offer a durable and controllable strategy for wettability alteration in carbonate reservoirs. Future work should evaluate long-term stability, flow-through conditions, and core-scale recovery performance to assess field applicability.
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