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Dear Dr. Niu: ﬁ%

't is a pleasure to accept your
manuscript entitled "Graph Neural
Networks for Predicting and Ranking
Drug Loading in Mesoporous Silica
Nanoparticles" in its current form for
publication in the SCIENCE CHINA
Materials. Proofs for correction will
pbe sent to you by email in due
COurse.

Thank you for your kind contribution.
On behalf of the Editors of the
SCIENCE CHINA Materials, we look
forward to your continued
contributions to the Journal.
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Dear Dr. Dechao Niu,

Thank you for publishing with SCMs-2026-1381. We are pleased to inform you that the proof for your upcoming
publication is ready for review via the link below. You will find instructions on the start page on how to make

corrections directly on-screen.
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Please open the above hyperlink using CHROME or Microsoft Edge browser.

We ask you to reply to all queries and check that you are satisfied with the accuracy of the copy-editing, and with
the completeness and correctness of the text, tables and figures. To assist you with this, copy-editing changes
have been highlighted.

You can save and return to your article at any time during the correction process. Once you make corrections and

hit the SUBMIT button you can no longer make further corrections. This is your only opportunity to proofread and
correct your article before publication.

If you have submitted your article to a preprint platform, please update the citation information for your article.

As per our publication policy, a publication fee of CNY 3000.00 is required to cover the costs of peer review,
editing, and publication. If you wish to purchase additional copies of the journal or offprints (offprints come with
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the cover of the current issue, with a minimum order of 10 copies), please fill in the quantity you want to purchase
and remit the payment for the journal(s)/offprints and publication fee together (journal pricing at CNY 280 per

copy, and offprints priced at CNY 30.0 per copy). Note that for dellvery you need to fill in your detalled address
including post code.

Please complete the remittance within 5 working days upon recelving this notice.
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Email: chengyi@scichina.com

Outside China

Account Name: Sclence China Press Co. Ltd

Bank Name: China CITIC Bank Beljing Branch, Beljing, China

Account Number: 8110701013601390958

SWIFT Code: CIBKCNBJ100

Account Address: No.8 Chaoyangmen Beidajie, Dongcheng District, Beijing, China

Please note that for receiving overseas remittances, we have to sign a contract first. We will send you the contract

for your signature and kindly request you to send it back via email. You will also receive an invoice indicating the
amount you have to pay.

Email: chengyi@scichina.com

If you have any questions, please do not hesitate to contact me at the address below.

Thank you for publishing with Science China Journals.

Yours sincerely,

Rui Yang

Production Editor

Science China Press

16 Donghuangchenggen North Street, Beijing 100717
E-mail: yangrul@scichina.com
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Graph Neural Networks for Predicting and Ranking
Drug Loading in Mesoporous Silica Nanoparticles

Wancheng Zhang!, Xinya Zhangl, Zhiwen Ding!, Yeqiong Maol, Dapeng Zhang!, Yongsheng Lil

and Dechao Niul*

Mesoporous silica nanoparticles (MSNs) are widely
used as drug-carrier platforms because of their tuna-
ble pore structures, large surface areas, favorable bio-
compatibility, and the ease with which their surfaces
can be chemically modified.[1-8] Among the various
performance metrics used to evaluate MSN-based de-
livery systems, drug loading capacity (DLC) is espe-
cially important, as it directly influences formulation
efficiency and the achievable therapeutic dose.[9] In
practice, DLC is governed not by any single factor but
by the coupled effects of drug structure, modifier

chemistry, pore  architecture, and loading
conditions.[10-12] Because these factors interact, op-
timizing MSN formulations becomes a

high-dimensional combinatorial problem that remains
time-consuming to explore experimentally.

Data-driven strategies offer a promising route to
accelerate formulation discovery,[13-20] but applying
deep learning to MSN drug loading remains challeng-
ing, as it requires integrating not only molecular
structures of drugs and modifiers but also carrier tex-
tural parameters such as pore size and surface area
together with loading conditions.[21-23] Models that
rely solely on molecular fingerprints or only on tabu-
lated formulation variables are therefore unlikely to
capture the full structure-property relationship gov-
erning loading behavior[24-28] Unsupervised pre-
training combined with transfer learning has been
shown to improve the generalization of graph neural
networks (GNNs) in small-data settings.[29-36] Nev-
ertheless, an experimentally validated ma-
chine-learning framework specifically designed for
MSN drug loading has not yet been established.

To meet this need, here we introduce a
eraph-learning-based Network for Drug-loading
Ranking in MSNs (GNDR). GNDR is designed to sup-
port both quantitative DLC prediction and deci-
sion-oriented ranking of surface modifiers. GNDR
builds on a graph neural network architecture that
integrates molecular graph representations of drugs
and modifiers with MSN textural descriptors and
loading parameters through unsupervised pretraining,
condition-aware transfer learning, and downstream

regression. Using this framework, we conduct
high-throughput virtual screening across 128 drugs
and 13 silane modifiers plus the unmodified control,
followed by Bayesian optimization of formulation var-
iables. As a screening-assisted validation, we further
performed experiments on independently synthesized
single-pore MSNs using representative systems based
on APTES and MPTMS modifiers and model drugs in-
cluding ibuprofen and dexamethasone.

To establish the predictive framework, two large
molecular libraries were assembled from PubChem
and ChEMBL, comprising 74,919 silane modifiers and
10,563 clinically advanced drugs, and 213
MSN-drug-modifier loading records were curated from
the literature to construct a drug-modifier-condition
dataset (Figure 1). The overall workflow combined
self-supervised pretraining, condition-aware transfer
learning, and downstream fine-tuning for DLC predic-
tion. Pretraining was used to learn general molecular
representations from the large drug and modifier li-
braries. These embeddings were then adapted through
transfer learning with a pairing objective to better
capture compatibility patterns relevant to drug load-
ing. Finally, an end-to-end dual-stream predictor was
trained to regress DLC by combining drug and modifi-
er graph embeddings with experimental-condition
descriptors.

The pretrained embeddings formed a shared repre-
sentation space for drugs and modifiers. A 2D visuali-
zation using Uniform Manifold Approximation and
Projection (UMAP) of the 256-D embeddings showed
substantial overlap between the two sets (Figure 2a),
even when the reducer was fit on drugs and applied to
modifiers, indicating that the organization was driven
primarily by structural similarity rather than dataset
identity.[37, 38] Distinct neighborhoods were enriched
in recurring structural motifs, suggesting that the pre-
trained space retained chemically meaningful struc-
tural relationships.[39] The effect of fine-tuning on the
pretrained representation was examined after load-
ing-related signals had been introduced through
drug-modifier-MSN data. Drug and modifier embed-
dings were projected into two dimensions using the
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