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Repurposing Nano-Dimensions of a Small Phytomolecule,
Rhein, lnto Nano-Rhein to Unveil lts Efficacy on
Hypercalciuria-lnduced Nephropathies on a SERS-Based
Calcifi cation Profi li ng Platform

Madhukrishnan Murali, Vishnu Piya htluroli, Roopasree OJayarojan, Abeesh P, Daisy R

Sherin, Jayadev S Aryo, M M Vishnu Prasad, Elambalassery G. Jayasree, Lekho K Nair,
Sreejith P Panicker, and Kausnbh Kumor Maitit,

Renal disorderc induced by calcium oxalate (CaOx) crystals potentiate a

complex pathophysiological landscape devoid of efrective pharmacological

interuer ions, Herein, a bioactive herbal compound, rhein, isolated fiom
Cassio rtstuh Linn is known for its welldocumented anti-inflammatory and

anti<ancer propenies.lt's role as a CaOx inhibitor has received inadequate
scrutiny. The clinical viability ofrhein is hampered bypoor aqueous solubility
and low bioavailability. To surmount these challenges, a simple and rapid
sonochemical self.assembly technique is engineered to transform rhein into
nanorhein, aiming to augment its inhibitory efficacy toward CaOx. The

anti{akification properties ofboth rhein and nano-rhein were assessed

through an in vitro modd anrploying human embryonic lidney cells HEK-293.

Through surface.enhanced Raman scattering (SERS), we established a

Raman imaging platform to monitor calcification processes. To deepen the
understanding ofcellular responses to CaOx we conducted an RNA

sequencing experiment to evaluate the the transcriptomic modification
exerted by nano-rhein. ln addition, in vivo studies further demonstrated that
nancrhein significantly reduced renalCaOx crystal deposition and alleviated

kidney iniury and dysfunction in a C578L/6 mouse model. This exploration
ofers intricate insights into th€ potential ofrhein, particularly in its nano

form, as a promising therapeutic agent for CaOx-induced nephropathies.

l. lntroduction

Renal disorders indrrced by calorrm oxalate

{CaOx) crystals are a protniDent etioiogical
coutribulor to various kidrtry padtolLrgres,

induding oxalate nephropathy (ON), partic.
ularly in indrvidrrals grappling rith chronic
kidney disease {CKD), end-stage renal dis.
ease (ERSD), and metabolic disorders.lrl
CKD repleseuts a pathologicai state clla!-
acterized by a gradual and progressive de.
cline in renal ftnction over time.l2 This de.
generation results in the accumulatioD of
waste products and excess fluids'c(ithin the
budy, givilg rise to various systeruic corn-
phcanons. Among these complicaho.s ls
the emergence of CaOx cq,ntals in the kid-
neytubtr.les, a condition identified as ON.l'l
Hypeloxaluria, charactenzed by au exces-

sive oxalate excretio! in the urile, often ul-
derlies the pathogenesis of ON.iai The sur-
pl us oxal a te in the r r ri n e bLnds with calci r rm .

forming kidney stones and crystals, thereby
corrtributirg to the developurent ofON . The
lecurence of hdney stones and crystals
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can inflict constderable damage r-rn the kldleys, potentially cul'
minating in kidney failrrs.lti In the context of CKD, the sys-
temic levels of oxalate surSe due to the kidneys serving as the pri-
mary route ofoxalate excretion. A diminished Glomerular Filtra-
tiou tute (GFR) lesu.lts in heightened corrcenkatiorrs ofoxalate
in plasma aud gloutcrular ulaaEltratc, er(posiDg thc relraiuurg
hrbr ar cells to increased oxalate concentrations. This erposure
can prompt the formation of oxalale dumps or crystals, furtier
exacerbating renal damage as these calcitrm oxalate cr,'stals tra-
verse tlrrough tLe rerr;Ll systeru.l6l Deryite avai.lable treahuerrts
airued ai synptom trarugeruent atrd sluwirtg CKD progressiul,
a definitive cure lbr the disease remains ehrsive. Conseqrrentl,
there is a pressing need for research irto irmovative therapeu.
tic strategies for CKD. Culred therapeutic iuterventions under
corxideration encompass a spectrum of approadres, indudilg
the use of phosphate binders, vitamin K, sodium thiosulphate,
Myoinositol hexaphosphate (lP6), bisphosphonates, TNAP iD-
hibitors, and Denosrrmab.l' I

Top of Form, Horvever, currendy, there is no effective treat-
rletrtto reduce ot teverse calcificatlorrs. Nevertheless, soute tteat-
ments can decelerate calcilications progression, suc-tr as phos-
phate binders, bisphosphonates, active vitamin D, sodium thio-
sulphate, and ciaacalcet.lrl Repolts indicate that hydloxycitrate,
when iugested oralll, is exreted lia urine, positioning it as a

prourisurg therapeutrc ageut lo! sto[e treatlllent..s r"i Biornacro-
molecules, particularly polysaccharides enriched with acidic
polyanionic groups, have been identified as potent inhibitors of
CaOx calculus formation.nrl Rhein, a lipophilic anthlaquinone
characterized as 4,5dih,vdroxyauthraquinone'2-carborylic acid,
is abuldarrdy prcscnt rn various rrredicrnal trerbs. l'z1 I'he bio-
logl.al a.tivihes of Rhern, partiorlarly those pertinent to hrrman
healtl are crurendy ruder actiye inveshgation.

Accumulating evidence indicates that Rhein exhibits a
pledrora of pharrnacological properties, eucompassir4 hepato-
protective, nephroprr.rtective, anti-inflarru[atory antioxidaut, arr-
ticancer, and antimicrobial actiyities.ll2-r4l It has demonstrated
inlititory etrects on a variety of.ancers, inclllding brlt not lim-
ited to, breast. cervical, colon, lung, and ovarian cancers, uI1-
der both in vitro and il vivo conditioru.[Lr7] Recerrt research
has shed liglrt on the ability of this cr.rmpould ro modulare di-
verse signaling palhways vrithin cancer cells, the(eby inhibiting
angiogenesis and impeding t}le progression of various cancer
tFpes.{rrr/} Despite the therapeutic potentia.l of rhein, its clin-
ical apphcation u srg ficantly limited due to rts poor aqueous
solubility and low bioavailability, which is primari.ly attributerl to
the metabolism of glrrcuronidation in the liverl,,; To orercome
lhese limilations ard enhance the therapeutic elficacy of Rhein,
sevelal 

'strlregres 
have beeu exploited, induding tlie devetop_

rneut ot-polylueric uricroparticles and ruuoparticls .Dcapsulai-
ing Rhein la 3r However. these approa.hes otien enco,,nt jr.hal-
lenges srrch as drug loss drrnng the fabncrhon process and pre_

1111u11 lelease 
of the payloatl, le^ading to lou er diug loadiug and

potenhal systelldc toxicit), ni rs rc We propose that 
" 

pronir*o
sr,luLi<..,rr tc, these challerrges could b. tt,. irr*.t"a s.l':"ss.rrrUii
ofRhern, into a nanoparncle form wrlh the nefp or proU" soruia_
hon. whtch may offer enhanced therapeltic efficary.

, In lhe preserrt iuveslrgalioll, Rheirr, ur acrive eourpourd No-
lated from Cassia inuta Lnro. (CF). was found to seli-assentble
urlo lluE{)parlrdes t}uough i]lterruolecuJ!r r.ra ulteractrorrs rId

wlvw.advheahhmai.de

hydrogen bondilg (scheme l). Notabl; these Rhein nanopartl.
des, which we named as Nano-Rhern (NR) exhibited superior
anti-calcification properties compared to Rhein in its free form
wh e maintaining millil!1al Motoxiciry

To elucidate the ntedudsrus ullderlling drs er:larced CaOx
ir ribitur activity, we corrductcd a canrprrhErNive cxpluratiou that
included in vitro anti-calcifrcation assays rrsing Alizarin Red S

staining in HEK.29l cells, the establishmeBt of a robust Raman
imaging platform with a SERS-based Alizarin Red S assay for
pr<-rfilirrg CaOx ir ribitors, urd ctrrrrprehensive RNA sequeuctrg
lill<,rued 1-r1 Reactoule pa[rway aoalysrs tr-.r ulilersturd truucrip-
tomic rnodifications and the mitigating effects of rhern/nano-
rhein. of the molecula! plocesses involved. Our findings indi-
cate that the lanoparticle of Rheiu is a much better caDdidate
for CaOx inhibition drau its molecular lbrru of dre courpouud.
These characteristics position Rletr nanopartides as a promie
ing tberapelrtic aBent for the treatment of nephrocalcinosis. Rrr-
thermore, in vi1'o shrdy in a C57BL/6 mouse model of calcirm
oxalate-rnduced nephrocalcinosis demcnstrated that nano-rhein
si$uficandy reduced reual (;Ox crystal depusition, preveuted re.
nal rnlury and improved kidney lunction, showcasing its srrpe.
rior efficacy compared to both ftee rhein and t}le standard citrate.
Furthe! studies ale warranted to fully uDdelstand the potentia.l
ofthese nanoparticles in dinical applications. As per ou! L:noll'l-
edge, it is the filst ti le to report dle CaOx idribitory ellicts of
Rlern and its nano form.

2. Results and Discussion

2.I. Synthesis and Morphological Characterization of
Nano-Rhein (NR)

Ve have isolated the rhein ftom ethanol extract of CF seeds

and flowers (Fi$ues Sl, 52, Supporting Information). Aati-
urolithiasis assessmenl conducted at both the extract and com-
porurd levels, utilizing Alizariu Red S (ARS) assays, hari demou-
strated dre poteut atrh-ralcrfrcahorr prr.rperties ofdre etliauolic ex-
tract of CF and the comporrnd rhein (Figrue 59, Supportlng ln-
formation). In this rr-ork, we have uhlized the sonochemical self-
assembly ofrhein molecule for enlanced inhibition ofCaOx crys-
tals (Figure la). Rhetr NPs (NR) were characterDed by UV, lR,
TEM, SEM, and AFM, respectively {Figure 1b-f). Its norphol-
ogy was fotnd to be belt-like stnrcture. The TEM analvsis after
i0 days, ildicates the superior stabiliq of NR at room iempera-
ttlle lFigure Si6, Supporting Informationl. In addition, the self-
assernbled NPs matrtaired couoidal stability r S0% FBS (fetal
bovine serum) for up tr.r 6 hours with the SEU analysis {Eigure
S7. Supporting Informahon). Allhough no s,rrfrctant" n, eic,p_
ienls were applied, the NR displayed desirable stability withont
arly precipitation ard phase separ.atiou.

2.2. The Self-Assembly Mechanism ofRhein Naroparticles

The structute of rheru aggregales was examlned usrng DFT cal-
qdation-s. A.ll the calodations are peformed using the Gal6sian
09 suite ofpro$ams employing Minnesotta hybrid density func-
honal M062x at rhe 6-111+G {d,p} basis set. The stable struc-
ture r..rf the rhein dirneric f,Jt'trr
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Development of Calcification
profiling platform with SERS

technique

the C-C bond clitical points calculated betwee! the monomers
had their electron deruitl lyiag in the ralge 0.0075-0.0085 au
(trans),0.0074-0.0084 au (crs), ald dle Laplacian <.rf electrorr den-
sity lying in the range 0.025-0.026 au (tlans),0.021-{.025 au (cis)
(Fi$lre 1g, h). This observation was further substantiated by sub-
sequent HRMS analysis (Figure 55. Supporting informatioD).
The HRMS arul,vsis revealed dre preseuce of urcrrrourers (m/z
28.1.0249), aDd dilnels (ur/z 58r.0188) wh:le lrlgher-order aggre-
gates were not detected These aggregates were observed to exist
as sodium salt drsters. Notably, the dimers were the most preva-
lent aggregate ions, su8gesting a relative stability of the dimer
cort.Eguratiou courpared to odrer agglegates.

This evideure suLrsturtiutcs that the LuildiDg blocks of rl]'ei.tl
nanopartides are indeed rhein monomers and the sodirrm salt
of rhein. To further eluc

ln Vivo studies on efficacy of Nano Rhein on
calcification

lalrs
Calcium ions Oxalate ions Nano Rhein Calcium oxalate Monohydrate

Scheme l lsolation ofrhetn and synthesis ofnanorhern, in vitro calcrum oxalat€ rnhabtion act,vrty ofnanorhern using Atzarin Red 5 assay, Devdopment
ofcalcification profiling platform using SERS technique, mechanistrc evaluaSon ofthe rn vitro dacalcifiC3tion effe(t nanorhern through ofRNA sequ€hcihg
and fanscriptomics analysis and in vivo anti-calcifcation studies.

it's stacking interactions (Figure 19, h). Dimeric form with car-
boql fuactionalities ling i! a tlans mallIrer is the most sta-
ble fbnn over dre cis (by 2.06 kcal trol r) or the unes with irr-
ter monomeric hy&ogen bonds. This particular geometry was
also forrnd to have more stabilization energy due to dimer for-
uahon {-21.48 kcal mol-:) (Figue 56. Supporting Inforroation).
'Ihe ruolomers are staded b, a dttalce of 3.2 3 A irr the trurs and
J.18 A il cis ccrnfr.rmrer. Frorrr dre perfect stackiug auargeureut,
the central ring of one monomer is found to be displaced by an
angle of22" to the next. This slipping is slightly more in the case

of the cis conformer, B,hile it is reduced to 20" io the H-bonded
corforrner The airu ofthe arralysis is to qualti$ the sta&itrg irr-
tcractiols. Thc elechtrn delsity and the laplaciau o[eleclrol deu-
sity calct ated tbi the bond cridcal points between the monomers
lie intherange specified forweaknoncovalentinteractions.' I All
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Figure l. a) Synthe cprocedureofNanoRheinblUV--{rsspectrumofRhernandNanoRhernshowrngshrfirnthewavelenglhc)lRsPectrumofRheln
and Nano rhern showrng shn rn the <arbonyl group d) TEM e) sEM and f) AFM rmages ot Nano Rhern. g) The geomery and stabrlrty ol rhern drmers

are assessed by DFI calculations h) DFT calculations of higher oligomers -tnmer and tefiamer.

Naro-rhein {NR}. we conducted additional spectroscopy studies

{Figlue 1b, c).

Aaaiysis ofthe FT-IR results revealed a characteristic absorp-
tiou peali for the C = O peak at 1692 cru-r shifted to 1611 crn-].
These altelations suggest dre piiticipatiorr r.:I liydrogcn borrds
in the self-assembly process.l2o The observed ma-limum red-
shift was associated with the existence ofthe anthraqrrinone ex-
cimer, primarily influencing the seltassembly process through
n-.n irrteractions. zil The results obtaiued ftour the X-ray drffrac-
tion (XRD) alalysis provided further substartiatioo for our [Lrd.
ings. A prominent peak was observed at a d-spacing valrre ol'
3.4 A. This peak is indicative ofthe characteristic intermolecular

distance associated wit}l r-r stacking interaction-s between the
two molecules (Figure S 15. Srrpporting tnformation). Notabl, in
Uv-visible spectrum. tbe peal rnderwent a bathochromic shift
ftorn 4J4 rllr to 481 Iurl durixg the preparatiou of Naro rheiu
i.ia tlre prube souic,rtiou uethud (Figur 1b). TlLis shift carr be

attrjbltted to the z-r interachons inherert to the aDtbraqujnone
stnlcture.lrul Furthermore, this ohservation slggests a transfor-
mation in the agBregare configuration ftom H-t)?e to J-R?e
aggregatiou, whidr is ilrdicative of cluuges irr dre rnolecular
arir[gcruell utd packiug wrt]rirt tlte Naur.i rhetr strurturc.lr!:
Emission spectirlm ol Nano R g an additional shor -
der peak to that of the the changes in the

c
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FEure 2. a)Schematic representation,rfAlizarin Red Sassay, b) quantifedbardiagramofAlizarinr€dSimagingas5ayusingimageJsnftware.Cne-way
ANOVA followed by a Tuk€y'Kramer multiple conrparson test were performed 1***1 p < 0.00] as compared with CaOr 500 !M/*hein 20 IM {CaOr
500IM versus CaOx 500 pM/Rhein 20 UM) and 1:*'1 p < 0.001 as compared wlth CaOx S00 pM/l'lano Rh€in 20 I[4 icaox 500 !M versus CeOx

500 pM/Nano Rhern 20 pM). Data are presented as mean 1 sD {n = l). c) Top row showing bright field rmages of CaOxCaOx 500 !M, CaOxCaOx

900 pM/Rhein 20 !M CaOxCaOx 500 lM/Naho Rhein 20 pM while bottom row showing stained images ofCaOxCaOx 500IM, CaOxCaOx 500FM/Rhein
20 FM and CaOxCaOx 900 FM/Nano Rhein 20 pM- Magnificanon 100X, Scale bar 200Im

structural arrangement of Nano Rhein to that of the Rhein
(Figuie S 17, Supporting lqformation).

2.r. N.no Rheln .nd lts Enhanc€d Antj- C.kifcatior property
Compared to Rhein

Ethanol extracts derived from the flower ald seed components
of CF wete fould to be the toost effeLAve in ARS stairring ex-
periments (Figure 58. Supponiag Inlorruarion). The alizarii red
S assay rs cuusrdererJ dre gold standard fr,r tLe quautificatiorr ,[
calciusr mtnerxlEatron and rs thus wrdely used among the scr.
enti6c rommrrruryl2' Five comporrnds *.ere isolated fiim these
erhanol extracts, with the anthlraquinone rhein being the most
active one in the in vitro anti-urolithiatic sturlies. ln this studv
crjnducted at the unpt_ruud level, rhein derur-rrutrated superior

achuty compared to other compounds and even outperformed
the positive control, cihate. {Figure 2a{; Figue 59, Suppofing
Information).

The tytotoxrc potential ol the investigated compoulds was
quantitatively assessed via the 3.(4,5dimethylthiazol-2.yll-2,5-
diphenyltetrazolirrm bromide (MTT) assap The administration
ofboth rhein nanopanides and the rhein molecule was observed
to €xldbit negligible cytotoxic efects orr the lrwnan embrl.ortc
kirJley cells HEK.29I. This obsetvatiou was corsisteut across
a concentrahon range of 20-50 lJM, with tle as-ses$lent con_
ducted at the 2,thoru mark post-administration. The la& of
significant cytotoxicity suggests that tiese compouads, wittnn
dre specrfed .ouceutrahou rauge, rnailtaul the viabfiw of
IIIK-29', cells {Fitsure.S,. Supportirts hforurarrr.ur} Up,,rr
administrahon of the rhetn .ompolfid at a.oncentraho; ol
75 pM, a significant ledu viability of H
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was observed, v/ith a decrease of 29 compared tr..r the rhein
nanopartides. Intrigurngly, the \iability of HEK-293 cells re-
mained rnaffected across various concentations q,hen treated
with rhein nanoparticles. These finrlings indicate that the c)'to-
toxicity exlibited by rhei[ Ialopartides is r[.rtably lower than
that r..,l tlre rein rur.rlrcule. The biucoolpxtibilrty ufNRwith valy-
rng concentrations of 10 UM to 200 IM was also assessed with
Hemolysis assay Figure 4; Figure 54 {Suppolting Information}.
This suggests that the tlarsformation ofrhein into nanoparticles
could be a proruisiug strategy fo! reduciug its q'totoxic effects
r-rn ll[K-29] cells, *rereby potentially edrancing its therapeutic
index.

2.,+. Mechanism ofCaOx lnhibition b, Nanorhein

From the literahrre, it is obvious that carboxylate {COO-) gronps
present in NR may have dre ability to coordiGte Eith Citrr ions,
and h)'drogen bonding intelactions can be established between
the hydroryl (OH) gtoups ir NR ard the carborylate iorrs irr the
oxalate groups of amorphous calcirrm.oxalate nanopartides.le 22

To ehrcidate the mechanism oF CrOx inlibition by Nanorhein,
a Scanning Electro! Micloscopy (SEM) analysis was conducted.
(Figure l3-g).

hr a l2-well plate, CaCl2 and NarC2O" (NaOx) were added
in sihr to aahieve a final concentration of 1 mM each. This
was accomplished by diluting a 50 mM stock solution of each
compound with Pbosphate-Bu-ffered Saline (PBS, pH = 6.2).
The formation of calcium oxalate dihydtate (COD) true crys-
tals was observed il dre corrtrol and eady incubatiou stages o1

C.aCX and Nanorhein. However, as the inorbation time increased,
the crystal size began to sbrink, transitioning from an octahe-
dral shape to a linear one. This suggests that the addition of
Nanorhein significandy inlibited ttre bulk crystallizatiou of CaOx

{Figure 3a-c ).

In addition, we observed the growth that was specilic to
the face cf the crystal This could be Crre to the inhihitor's
tendency to bind preferentially to a particu.lar face of the
crystal, whrch is deteutttred b, its urique ruolecular surface
atrangement. This pheuomenon was demorstrated by the
transformation of COD crystals into a needle-like shape as

the concentrations of NR's increased (Figure 4d-g). This was
also coufirmed with the Ranan spectral anall'sis and TGA
expeiuents where the NR-treated CaOx showed ditt-elent pat-
ters in both the Raman spectrum aIrd TGA cun'es (Fi8ure 58.

Supporting lnformation).
DFI studies showed that the preferable deprotonation at the

carboxyl sites and the stabilization of the resulting anion by in-
traruolecular hydrogen bonding would facilitate its salt forruation
with cations. The energy offormation for ttre calcrum salt ofde-
protonatcd cis. rhein dimer from rts arionic monomer ls aom-
puted to be -440.29 kcal ruol-l. This value is cornparable to the
energy oftle formation ofstable calcium oxalate from its ioDs (-

514.53 kcal ruol-') (Figure 3h). Also, we perfonued dre NO assay

to confirm the enhanced eficacy ol NR towards calcihcatron as

nitdc oxide re$dates calcification by interfering with TGF- sig-
nalircg (Figure li). On tteatment Eith the CaOx of 500 !M NO
concentration was seen to be increased which was reduced on
the siruulureous treahuent of C.aOx 500 pM/ rhein 50 pM arrd

C,aOx 500 gM/ nano rhein 50 !M.

www.advheahhmat.de

2.5. Celluler Uptake ofRhein and Nanorhein on HEf.293 Cells

The intemalization of rhein and nanorhein in HEK.29] cells
was rnvestigated to gail a deeper understanditxg oftheir distinct
ureclunisms, paticular! regarding thet alti-calcification elfi-
cacy aud cellular trteuctiors.

Shrdies on celh ar intemalization in the absence of Caclx
cr,'stals higb.lighted sigl]ificant kinetic differences between the
two treatments (Figure 4b). Rhein demonstrated relatively rapid
cellular irrtenu.lizatiou, wludr was largely couplete by applrxi-
rnately 6 hours.

Nanorhein, however, exhibited a markedly diff'erent and
slower cellular uptake profile. Its intemalization commenced
arou,t:d 6 hours and was complete by approrimately 24 hours
(Figure 4b).This slower uptake of rralr,rdreiu suggests a potentia.l
foi sustained iotracellular release ofrhein ftom the natrocarrieB.
This characteristic cqrld contribrrte to more duable protective
effects and infuence cellrrlar resporlses at later tirne points.
The overall enhanced therapeutic eficacy of nanorhein likely
arises froru drrs corubiilation r.rf poterrt extracelluliu activity
again-st GOx crystals and a modilied, srstained intracellular
delivery profile. Fudhei investigation into the intracellrrlar fate
of rhein using colocalization studies s/ith organelle.specific
markers provided irsights into its subcellular distlibution. Con-
lbcal laser scarrrrilrg ruicloscopy (CLSM) iuages showed that
internalized rhein (R) exhtbited substanha.l colocalDahon with
MitoTia.ker Green (MG), a mitochondrial marker. the Pear-
sons Correlation Coemcient {PCC) for rhein and MitoTiacke!
Green was 0.80, indicating a signficant degree of colocal-
izatrou with udtodlondria). lrr contrast, colocallzatro! with
Hoecist (H), a nrlclear stain, was mimmal, wrth a PCC ot 0.008
(Figure 4a).

Confocal fluorescence microscopy revea.led different interac-
tioru ofrhein and nanorhein with calciuru oxalate (CaOx) crystals
wheu co-incubated wift HEK-293 cells lbr I hows. Nancrrheil
(NR 50 + CaOx 1 mM) primarily interacted directly with CaOx
crystals on the cell exterior (Fi$rre 4.). This is iikely due tr its
lar8er particulate nature. In contrast, rhein {R 50 + GOx 1 mM)
at re sanle coucerrtlatron was ptedourtultly urtenralized ilto
dre cells widril dre saue tirnefrarne (Figure 4c) TLr-s suggests
that nanorhern's enianced ab ity to inhibit CaOx crystallizahon
and protect renal cells from crystal-induced injury might stem
ftom its strong, tnmediate extracellular actiiilv agaiDst the cqls-
tals.

2.5. sERS Platform for Monitoring Calcifcation Processes

In this srudy, we utilized surface-elharrced Raman spectoscopy
(SERS), arr ultraseusitive analltical technique lhat intensifies
the Raman scattering phenomenon ofmolecules adsorbed onto
drlough runostru(tures o! coarse rrauot[etallic surfaces.lr'] This
method euables the rapid detection ofcheuical species with hi8h
sersitivity and rnolecuJar-level specificiry{2'l Despite dre poteu-
tral of SERS in Erious apDli.ations, its use in in vitro calcilica-
tion image profiling pladorms for analyzing CaOx iDhibitors has
been scarcely reported.

For the first time, we present a SERS irnagil]g platform for
profililg CaOx ir:hibirors urd vlr:ious ca.lcification plocesses
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varyilg concenhatiom of CaOx crystals were crystallized by iu.
cubatiag Calcium C-hlo de (CaCJr) and Sodium Oxalate (NaOx)

for 24 hours in a &well plate seeded with cells. Cnncrrrently,
rhein and Naaorhein were admilistered along with CaOx.
Subsequeudy, Ore ruediul was rernoved frortr dle plate, washed
tluice with Plrr.rsphate-Buffered Silline (PBS), and ilcubated with
ARS (pH = 5.1) fbr 3 minutes for staining the CaOx crystals.
The plate nas then washed thice again s'ith PBS, incubated

with 40 uur gold uaucrpatlides (AuNI') I'ur five rtuuutes and
subjected to SERS imagjng. ARS dye at pH 5.1 wirh *re addition
of 10% ammonium hydroxide seems to be grving mrrch better
SERS intensity than the normal ARS solution when incubated
withdreAuNP (Figures S 11, S12, Supporttng lnfo uatio ). Tlts
ruay be rlue [o &e deprutuui]tion proccsses of the two hydrcuyhc
groups that occlrr at higher pH.i':l This prompted us to design
the SEF,S-based ARS assal Our results indicated that as the

0

Conrror CaOr 500 yM caor 5OO lr$l caot SOO t rtt
R 50 llt tlR 50 !M

Cont,ol and treatad group6

Figure 3. Mechanism ofCaOx inhibition by Nano rhein- SEM images ofa--<) Reduction ofCaOx crystals on treatment with the NanoRhein. CaOx 500 pM
a5 conrol. CaOx 500IM/Nano ftern 50 pM l2hr, CaOxCaOx 50O pM/Nano Rhern 50 !M 24 hr d{) Conv€r5roh of COM (ry3tals to COD ahd needle-ik€
.rystals on treatment wrth the CaOxCaOx 500 pM as (ontrol. CaCxCaOr 500 pM/Nano rhein 20 pM 24 hr. CaOxCaOx 500 lrM/Nano rhern 50 !M 2,{
hr CaOx CaOxsoC IM/Nano rhein 100 pM 24 hr h) Energ) optimized structure of Ca salt of Rein Dimer lcrs) i) NO assay of HEK-291 cells rn plain
medium taken as aontrol, CaOri 500 FM, rhein 50 pM, Nano rhein 50 pM for 24 h incubation Graphicalreprerentation showantthe NO l€vels for allthe
featmenls. Dat are pre5ented asm€an t SD {n= 3). Oneway ANOVA followed by a Tuley-Kramer multrple comparison test were performed (***}p
< 0.001 as compared wath control group (Control versus CaOx 500 !M/NR 50 pM) and l**,) p < 0.001 es compared with CaOx 500 pM (CaOx 500 !M
vers'rs CaOx 500IM/NR 50 !M).
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a) Rhein Hoechst Merged scatterplot

Rhein Mito green Merged scatterplot

b) t hour 6 hour 24 hour BF After 3 h FlAfter3 h

Fituie,a. Cellula r internalisarion ofrhein and Nanorhein. a)CLSM rmages showlngth€colocalisaton ofrhern rn mitochondriab) Cellular internalisation
ofrhern and Nanorhean of50lrM at difterent time points c) CLSM rmages showang preferenlal banding ofNanorh€rn toward CaOr (rystals rh comperison
with the rhein (arrow points the CaOx cryslals; Rhein/'Nanorhein trealment concentratron 50 !M, CaOx - I mM). Scale bar - 10 pm.
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concentration ofcaoi increased, dre SERS intensilv ofARS also
iuueased (Figure 5c) \Vith dfs assay, we werc successfully able
to image and anallze the SERS intensities of stained ARS llpto
l0 gM ofCaOx. The SERS intensities have been demoostrated as

heatmaps for each concentration ofCaOx as well as for the CaOx
treated widt inhibitors t<.r understaud dre efect of inhibitor on
(iOrcrysl.allizatiou (Figure 5d). Irtercsiugly, the crlstallizatio.r
on cells treated with 50 pM nanorhein resulted in a lower SERS

intensity compared to its CaOr courtelpart (500 pM), theleby

deuoustrating its superior arrti-ueplrrolithiasis ca?ability cour-
pared to dre posltive corltrol, citrate (Figure 5c; Figule 59, Sup-
porting Information). By successfirlly identifying CaClx inhibitors
rusing this SERS-based ARS assay, this technique corid pave tie
way for the development ofnew thelapeutic strategies for CaOr(-
iuduced nepluopadies aud other related disorders. It could also
collributc (o the brrlader fieltl of ruutrrued:cile by proviLlilg a

powerfitl tool fbr the shldy of biological processes at the molec-
r.rlar level as the technique possesses high sensitiyity compare
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Figuic 5. SERS rmagingplatform for calcificatirn. a) Schematrc representaton ofsERS-besed Alzafln Red 5assayb)bnghtfield, Ramanfieldand overlay
images of AunP treated (ells rn(ubated only wrlh CaOx 50 lrM w,thout the addrtlon of Afizann Red S c) its SERS rmaFs cf various con(entratohs of
CaOx as well as d) CaOx 500IM, NR 50IM / CaOx 500 FM, Clt 50 pM / CaOx 500 !M, and R 50 trM / CaOr 500 pM e) rB SERS intensiies represented
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to the origiual staininS protocol and it represents a non-inyasive
modalig.

A key advantage of our S ERS approach, is it5 superior sensitiy-
ity cornpared to conventiond ARS staining b)'micros.opl'. partic-
ulxrly for detecting low levels ofcalci-frcatiou. Wldle corrveutiorial
ARS stainiug by ruicrr,rscupy cut visually corrfirm thE ptcstrncc u[
calcification, our SERS-Alizarin Red S (ARS) assay demonstrates
the capability to detect calcium oxalate down to l0 mi(Iomolar
concentrations. This level of sensitivity is often challenging to
adrieve widr staldard ARS assays without soplisticated sigral
aruplficatiou strategies aud ruay -allrw for lhe detection ofearlier
or more srrbtle stages of calcilication. Frrrthermore, the intensitv
of the SERS signal can be dilecdy corelated $,ith the corrcentla-
tion ofthe aaalyte or lhe extent ofits binding. Vhile fluorescence
intensity calr also be quantitative, SERS olfers a robust platforur
for quantilicatron, especially ar the low detection Imits we have
achieved. This high specificity and photostability fiuther comple-
ment visual imaging techaiques try providing q{antifiable data
even at early calcification stages.

In addition the uplegulation ofcell surface rnarkers dururg cal-
cium crystallization and their eapression levels during t}le anti-
rrioLithic activity of rhein were investigated. lt is wellrstablished
that these cell surface markers are uplegulated during calcifi.
cation as a defensive mechanism against calciurl cry-stals.rrll'
Irr ow preyious work, dre co[rpou]rd GlcNI,h-Alk was utilized
as a cell sruface glycan marker to differentiate gl,vcan expres-

sion in cancerons and normal cells l2r"zDl ln the current shldy,
rnetabolic glycan labeUilg of the GIcNPbAlk molecule was em-
ployed to understand glycan expression during the calcificatiou
process. Irteresthgly, ilcreased labeling of cell surface gll,cars
was observed as .al.ili.ation pro€Eessed, indi.ating an llpre$r-
lation of cell snlface glycan upon calcirm crystallization, How-
evet when the NR vras administered alongside CaOx. glycan ex-
pressiotr $adually declined (Figure S 10a---<, Supportiug hfor-
uration), fhis suggests a pr.rtential role for rrauorhein iu modu-
lating glycan expression during calcification.

2.7. CaoxJnduced Transcriptomic changes Refled oxalate
Nephropathic Processes ln Vitro and W.re Prevented b, Nano
Rhein

To further rmde$tand the cellular response to CaOx and to in-
terpret the assocrated cellular dr:urges, we pertbrued ar RNA
sequencing experiment. Cells nere cultured as ur the ARS iqrag-
ing assay and treated with 500 pM CaOx spiked medi,rm (pos-

itive ctrl), 500 !M CaOx sp&ed medium premixed with 50 gM
NR, medium only (uegative ctru. Hierarchical clustering of dif-
ferentially erpressed geDes between positive aud negative cou-
trol showed a rlrastir change in geDe expression profile w]th
C-aC)x treatment, which nas prevented by NR spiking (Figule 6a).

Ilr drl versus CaOx samples, 137 difereutially e4:ressed gerres

wirh a fold chaoge >0.5 and p < 0.05 were detected, sirr larly
Ca(X versus CaOx/NR rurd Corrbol versus C,aOx/NR sanples
contarn 1112 a]}d 887 differentially erpressed genes, respectrvely;
(Figrue 6b).

Based on tiese findings and the established roies of iaflam-
mation and fibrosis in CaOx uephropathies, " "1 ow analysis
focused on key DEGs ln o'Jr subsequetrt uralysis, r'e inls-
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tigated the expressioo levels of individual genes, s/ith a spe.
cilia focus on distinct gene groups. These induded immune te.
sponse pathwa)s, particularly those assoclated ffith inflamma-
toav responses, as well as extracellular matrk (ECM) proteins
urd cell qclc urd proliferation processes. Our data corfiruled
drat CaOx crystals ilduce a sigr ficaut prr,,.iLflamuratrl1 and
pro-calcific tran-scriptomic shift, hallmarked by the eleyated ex-
pression ofTNF lecepto! superfamily membets (INFRSII2A,
INFRSFI3C), TNFAIPJ, and the inte eu-kin4 leceptor (lt6R)
(Figure 7c, d). Tlte activatiol r-rf TNFRSFI2A (TWEAKR)is paftic-
uliuly 0oLewr.rrLhy, as it is a krowDprijrxoter ol iu0amx atiorl arrd
osteogenic diflerentiation in renal cells.l'i'i The altered expres-
sion of INFAJP3 lA20) suggests a dysregulated inflarnmatory
state, as it is a critical negatiye regulator of NF-rB signaling.ptl
This infamnratory cascade is compouuded by the upregula-
tion of INHBA, a member of the TGF-/ superlamily whose
product, Actitn A, is a potent pro-fibrotic factor in the kid-
ney lhat can drive an osteogenia phenotype. '3 

Jel Conclrrently,
the marked upregulation ofthe -FOS gene family {FOS, FOS8,
FOSI1, FOSI2)reflects a robust cellular stress respoDse, as drese
proteins form the AP.l transcription i-actor, a master regulato! of
cell proliferation. differentiation, and inflammation during renal
lnlury.' ' -l

In stark conkast, the intervention with nano.rheia demon-
strated a poterrt abilrty to couderact these patlrr.rlogrcal trarr-
scrlptomic changes, which ahgn-s wth its docrrmented antr-
inflammatory properties.l'2] We poshllate that nano-rbein's
prirurl protective mechanism is the signifcart attenuation of
the initial iDflanrmatory sigaaling cascade, a hypothesis sup
ported by its lorowrr ability to ir nbit the NF-rB pathway.l'r a'l

This is strongly evidenced in ort data hy the observed dowrreg-
rdation ofTNFRSF membels and II6R in the NR-treated grorrp.
By ruitigating this upstream inflarnmation, nancFihein conse-
rlueutly suppresses the dorlr'trstrearn activatio! of ceUular stress

tnarkers, as showu by the ur.rnnalized expression of tlte FOS
gene family (Figure 6c). This is strongly evidenced in oru data

by the obsen'ed domreg ation of TNFRSF members arrd Il6R
in the NR-treated group. B, mitigating this upstleam in-fl3m-
rlratiou, ua]ro.rhetr coruecluerrdy suppresses the downstrearn
actryation c.rfcellular stress markers, as shown by the n<.rrrtrlized
explession of the FOS gene family (Figure (,c).Ptr'zl The FOS

gene family contains 4 members: FOS, FOSB, FOSLI, and
FOSL2. The FOS protei$ have been implicated as regulators
of cell prolrtirahorr, drJitrenhaton, arrd trauslbnnatron whrch
were also upregulated on GOx crystarlluahou ard subsequently
do*nregr ated on tieatment with the NR.!'il To summa ze,
these results suggest that by reducing cell crystal interactions
NR keatment can largely plevent Caox-induced dowustream
responses, such as irtflaruruatcrry signalirg patLways as showu
in &e FPKM ratio ol selected genes, especiallv geres like IN-
HBA. FOS. FOSL1, FOSB, COL7.4.1. TNFRFSI2A, and IL6R
(Figule 6c).

Thus, the drastic drange induced by CaOx treatrneat and its
preveltitrn by NR were confumed. Reactorle padrway alalysis
conlirmed that CaOx treatoent ennched pathways related to
tnoad cellu.lar stress and injury responses, NGF-stimtdated tran-
scriptio!, nudear events (kfuase iurd trar$criplio! factor aLtiva-

tion), by recepto! tyrosine kinases {NTRk, RTKS) (Figure 6d,
Table 51, Supportilg luf<.rrruatioi).
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2.E. Hl.percalciuria lnduced Nephropathic Processes ln Vivo and
Were Prevented by Nano Rhein

C57BL/6 mice were administered with nanorhein [at doses of
10 mg k-'g {Narro rheil lower dose -NRLD) urd 20 rng k-'g
(Narrorhein Higher Dose -NRHD)1, rheirl ({R), 20 urg Kg-'), aud
citrate {(Cit), 100 mg Kg-r) via i.p. iniection along wirh Gly (i.p.)
once daily for seven da,.s prior to sacrifice. Animals fed a normal
diet and inieded with phosphate buJfered saline (i,p., 100 !L
served as the vehide corrtrol {VC). while those receivtry
the G1y (i.p.) d as the negutive cortttol
{NC)
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Figu.c 5. a) Heatmap and haerarchical clu stering of relative gene expression levels d€termin€d by RNA sequencing. ToP 20 diff€rentlally exPrested Senes

between controlversus CaOx, and CaOx versus CaOx / NR with p < 0.05, log2ratio = 0.5, and respedrve expresston levels ln the other treatment grouPs

are ploned (red-reladvely upregulated, blue---<elatively d ownr.gulated) b) Table showing number ofupregulated and down r.gulat.d Spnes in allthr.e

&olping5 c) Volcanoplots ofdifferentially expressed genes betwe€n .ontrol veasus CaOx. control versus CaOxlNR- and CaOx versus CaOx / NF with p

< 0.05, log2ratio = 0.5, and respective expression level5 rn the other treatment gtoups are plotted (red--{ownregulated, green--upregulated) and d)

Normalzed .cunt cfgene tr.n5anpts {FPKM - frrgments per krlobrse cfexcn mcdel per million reiCa nrrpp€d) involved in In,qamm]tory responses,
ECM composition, cell proliferation, and tissue homeostasis ofthe different reatment groups rs plotted ei Reectome analysis ofcontrol versus CaOx,
and CaOx versus CaOx / NR with p < 0.05.

Btr drng on the promising in Mtro resldts of nano rhein, s,e un-
dertook an in vivo prooFofroncept study rrsing a mouse model
oftalcium oxalate (CaOx)-induced nephrocalcinosis.t2r45' Gvs-
tallizatio! was triggered by htraperitoueal (ip) adrrnuistratiori of
glyo:.irlate (Gly) (75 nrgL-rg) daily for 7 days fullo\Nurg preriousl)
established methods.l'5.o1
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Fi8urc 7. Nano rhein reduces renalCaOx deposrion and rnJuryrn a mouse m o del of ren al CaOx crystallizarion. a) Schematic representation ofC5TBLr'6
mi<e treated br rntra pentoneal r n,ecn on of Cly (75 mg kg_l) to induce renalCaox crystalization and concurrently treated wrth rndrcated concehtratlohs
of NR/R/Cit intra perltoneally daily fot seven consecutive days) b) tubular iniury score ofdiFerent treatm€nt group by PAS slarninB. Data are pres€nted as

mean r SD {n = 3). One.way ANOVA followed by a TukeyXramer multiple comparison te5t were performed. (*) p < 0.05 as compared with VC group ryC
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The kidney sections were meticulorrsly stained with Pizzolato
staining to visnalise CaOx deposits, revealing a remarkable dose-
dependent ieduction in renal GOx lerels with nanorhein and
rhein, alongside citrale as the standard treatrarent. This signi6-
cart leductio! was evideDt across 3ll treattnert groups in cont.
parison with the vehide conhol group {Figurts 7a,d, 8a,b)

Further histological analysis ltsing Hematox,vlin and Eosin

{H&E) steining provided a dearer picture of the structural dam-
age to the kidney tissue (Figure 7d ) . In the negative control goup,
kidueys exhibited severe re:ral iljury duracterized by rruruerous
tubular carils and widespread dilated tubules, as highlighted ur
lhe images (Fi$rle 7d). While some of this damage was still ap-
palent in the NRLD and citrate-treated groups, t}le NRHD and
R groups showed a marked preventon ofthese pathological fea.
tures. The protective efect was most prorrounced in the NRHD
group, where the kidney sections showed minimal damage.

Further compelling evidence came ftom the periodic acid-
Schiff {PAS} staining of kidneysections, whieh showcased a dose-

dependent reduction in kidney inlury as indicated by the scor-
ing oftubular daurage (Figure 7b,c). Moreover, piasura rueasure-
ments of blood urea nitrogen and cleatinine level pointed to
enhanced e{cretory kidaey frrnction with nanorhein treatment
NRHD surpasshg the results ftom the other treatment groups

{fiSure Ec,d}.

These iindiugs suggest llut uanotheirr ruay successlt;ily delay
both crysta.lllzation and growth, while simultaneously shielding
agairust harmfirl Caor-cell interactions. Notably, no significant
changes in animal weight or signs of compound toxicity were ob.
served, reinforctug the safety profile ofthe treatment (Figure S 14

and Table 52, Supportixg Infomution).

3. Conclusion

ln suuu&ry, u'e hitially isolated dte coupoturd rheiu frou Cas-

siafstlla Lirur., a plant known for its medicinal properties. De-
spite rhein's recognized anti-inflammatory and anti-cancer ac-

tivities, its potential as an arti-urolithiasis agent remains urrex-
plored. The therapeutic application of rhein is restlicted due to
its pot.rr solubilitl urd low bioavailabiliq. To address these lirtti-
tations, we developed a simplest nano formulatiou ofrhein, aim-
ing to enhance its bioarailability and thereby its anti-ruolithiatic
activiry The eficacy of both rhein ard its nano formulation in
inhibiting calcification was coofirmed via Alizarin Red S stain-
ing in ar in vitro systeur ustB HEK-291 cells. Adrlitionally,
by lrulessilg the imagirg capabilities of SERS, we've devel-
oped the SERS platform for monitoring calcification processes.

SERS-based Alizarin Red S assay, for the purpose of profiling
CaOx inhibitors and integlatiou of a metabolic labelling tech-
uique widr a surface-euharrced Raruarr scattert€ (SERS) facili-
tatcd thc disccrurcnt of irltcratit-rrts irt cc'll surticc glycan cxprr.s-

sion during calcification and subseqllent decalcification follow-
ing Rhein/Nane.Rhein treatment. To ftrrther elucidate the cellt-
lar response to calcium oxaiate (CaOx) and inteeret the associ-
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ated mr.rrpholrgical clunges observed through cellular imagr:g,
we conducted an RNA sequencing experiment. Finally, the tran-
scriptomic alteratiorx indlrced by CaOx teatment and the pre-
verxtive effe.t of Nano-rhein were conErrned through RNA se-
quencilg and subsequert Rractoure pttht'a, an31ysis.

llupurtaud),, irr vivo studres derlorrstrated that, uanu-rheiu
significandy prevented renal injury and hpercalciuna-rnduced
nephropathy in a mol$e model of calcirrm oxalate (CaOx)-
induced nephrocalcinosis. Nauo-rhein, especially at higher
doses, reruarkably reduced reual CaOx crystal foruration ard urit-
rgated sevete rea:rl daluage, outperforruiog both free rhein and
the standard dmg citrate. This stnlctr[al protechon translated to
a significant iEpiovement in kidney firnction, with nano-rhein
being the most efective in reducing plasma BUN and creatinine
ievels. Impotarrtly, nano.rheirr showed rro siglrs oftoxicity, reiu-
lbrcing its safety profile.

4. Experimental Section

Allthe chemi.als and solvents used rn this study were pro.ured from
Srgma Aldrrch. Alfa Aesar. TCl, and Merck and were used as received wilh-
out:ny addrnonal purffication The 1H-NMR,lrC spectra were obtarned
usrng a Bruker Avance 50O MHz NMR spectrometer, with chemical shifts
r.ported in ps.ti p.r nril,ion (pprn). Masa sp€.taa \iere acquired under
ESI/HRllS at a resolution of 61800 usrng a Theriio scientifc ex..tive
mass spectromerer. The absorption 5pectra were recordeC on a Shimadzu
(UV-2450) UV-V|s. speclrophotometer, and the resulting data was ana-
lyzed usang Microsoft Excel and OriginPro 8.5. sERs measurements were
conducted using a wlTec Ramah mrcroscope (WlTec lnc. Cermany, alpha
l00R), which employed a laser beam drrected at the sample through a 2Or

objectrve and ? Peltier cooled CCO detector
The samples were excted wth a 613 nm wavelength laser, and the

Stokes shifted Raman spectra were collected in the range of250 to 3000
rm-l wlth a re(olutron of 1 .m-'. Before .arh measurement, the syst€m
was calbrated using a sr|con itandard wrth a Raman peak cenlered et
52ocm-l The wlTec ProJect plus {v 5.2) software pa.kage was unlized for
data evaluetion. TEM measurements were carried out using a JEoL 2010

instrument with an acceleratrng voltage of 200 KV The sample for TEM
was prepared by pla.ing a dr"F "frhe aqueDUs nanoparticle solulon onlo
a 210 mesh copper grid coated with carbon, 3rd allowing il to arr dry prror
to m€asulement

Synthesis of Nanorhen Nanorhein was synthesized using th€ probe
roni(alon method (sKL-l20OD, l20 W) by scnicatng the 2.5 mg mL-r
soluton of Rhein in mrlliQ water for l0 mrnutes. Then it was drfferenirally
cehtrifuged al drfferent rpm to collect Nanorhern with a size ofle55 than
1t-.

DFT Studies: All th. ral(ulatrons were done using Gaussian C9 surte
of programs emplo),rng Mrnnesotta hybnd densrty funcn.nal M0G2x at
the 63'l l+G(d,p) bai!s set.

Cell Bascd Studiet-Cytotoxicity Stutli?s ofRhein and Ndho.heih: HEK-
293 .ells were seeded into 95 well platls and rncubated for 24 h iat 37 "c
5'6 CO_) Cells were then t,eated wrt4 \,arfn8 concenlratrons olQhern and
Nanorhern (10-200 FM). After 24 hr rnrr,batron. t!4TT (0 5 mg mL-r) \,r s

added to each well and kept at l7 'C for 4 hrs and finally the so formed
formazan crystals were dissolved in DMSO and th€ oD lvas meesurad at
970 nm usrng a microplate reader.

Cell Cultut.: Cella wcrc aullured in Dulbeccc's modifed Ertle
medium (DMEM) supplemented wrfi l% penrcrllin streptomycrn and

vs NC) and (*) p < o.05 a5 compared with NRHD gror.rp (NC vs NRHD) c) Represenrative imag€s ofkrdney 5e.ton! stained wirh periodic acrd-Schrff

atatn were scored for kidney inlury. ) rndrcating Loss ofbrush border, * rndicates extended Bawrn"n, ,p".", 
"nd 

F showinB tubular drlaton

sites; !.ale bar: I mm- d) Represenrative images ofH&E stain€d kidney sections are shown )
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FiguieE, a) Represenrarive iffages ofkidney sections ofhlice were aiained for CaOr deposition by Pizzolato stainingrnd+ pojniingto dark area5

indiLating CaOx (5cale bar.500 prr0 b) Quantifi.ation ofCaOxb,rnagej. Datt, aI-- presented a5r ea'- :t SD t,=5). Oreway ANOVA tollowed bya
Tukey-Kramer multipl€ companson test wer€ performed (***) p < 0 001 as compared wth VC grcup IVC vs NC) and (*-r-*) p < 0 oCl as compar€d wrth

NRHD group (NC vs NRHD). c) Plasma blood urea nitrogen (BUN) was measured at day 7.(n=4) d) Creatinine was measured at day 7 (n=4). All Data

ar€ presehted as mean 1SD (n = 4).
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HD
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l0Z fetal bovine serum, uflder a 57. co2 amosphele at 37 -C until con-
fluen.e was achieved. Confluent cell5 were harvested using 0-25% llypsin
EDTA, whrch was subsequently neutra,ized \,!rlh DMEM. The harvested
.ells were centrfuged, and th€ supernatant wa5 discarded The cells were
lhen resuspended in DMEM to achieve the required concentretion of
cells ml_l. Cellcountwas determined using a Petroff-Hausser cellcounrer
Cells were seeded on th6 respective culture plate/chamber rldes by main-
laining the .ell numher 6s per the assay requrr€ments and ncuhated for
24 h.

Calocalizdticn studies Canfoczl laser tcanning nicroscopy (CLSi,4)

wrs used lo delermrne the subrellular localzation of drfferent prepata-

lrons against HEK-293 cell lines. ln brief, 5x105 c€lls were s€eded on mr-
croscope coverslips in a six-well plate and cultured r1det 37 "C al5%
Co2 for 24 h. The medaum was replaced by serum-free DMEM, and cells
were inobated wth different NR and R trealmentt at dafrerent time incu-

bations. The lElls were lhei prern(ubated wrih 400 niU lvl 
' 
ioTr a.ler Green

for 30 mrnutes to vrsuelize mitochondria The cells!,,/erewashed u5ingcold
PBS solunon Finally, the fluorescence rntensity wes determrned by CLSM.

Metabohc LdbelingofCell Sutfdce 6lycans: C.lls were then trealed with
the Caox 500 pM or NR 50 FM/ CaOx 500 !M for .nother 24 hour incuba"
taon Post-incubation. the cells were rinsed wth PBS and treated with 100
pM of ClcNPhAl[ and dcriv.d from a S0 mM stock solution rn DMSO.
The cells were then rnaubated for 50 h. Control aells were left untreated.
Following rncubation, all wells were washed thrice with HBSS bufer to
remove excess compoundg and unbcund cells. Post-in(ubatron. the cells
were warhed firi.e with HBSS enC prepared for SEeS .nrlysrs.

Scor'ning Eleclron Mi.ros;opy {SEM) snrdiu5r lt was employed t. pre-

pare GOx crystalt u5tng, Bis-Tris buffer {comprising 50 rfim Bis-Tris,

150 mm NaCl, pH 5.2) containrng 6rral cu,rceniations of I nrm I'laOx,
2 mm CaCl2, and th€ specrfied concentration of the comPound. class
coverslips {12-mm round) were positaoned at the base of 2+well Plates
lnitiallt 20x stock solutions of CaCl, end inhibitor, and lox NaOx were
prepared ih 8is-Tris buffer The assay mixture was prepared in EPPen.

do.f tub.s b, adding E00 FL .,f Brt-Tlls buffer, follo*ied b, the adtiatro

of 50 !L cacl2 (23x concentrat,on) end 50 [L of inhibiior (20x concen-

traion), and vortexing. Subsequently, 100 !L Naox (I0x final con(entra'
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non) was added, rhe assay mrxture was vonexed and rrrimedrately trans-
ferred to the pr.pared 24-well plate. Two wells per sample were prepared
wrth 400 |rLper well Samples were incubated atroom temperatur€ forthe
specifed dura i on. Representa tive ima ges were ca ptured usinga Leaca DM
60008 mrcrosrope {Lei.a Mrcrosystems) in bnghtield mc,rJe before sanr-
ples were rins.d oncc wrth double drstrlled water and arr-dfled at rocm
remperature. Posadryrng, samples were imaged agarn usrng brrght-held
mrcroscopy lo confirm mrnimal effecta of the dryrng process on crystal
morphology After drying, glass (overslips were mounted on SEM stubs
with silver paint and coated wath a 5-nm layer of platinum/palladium us-
rng a CCl.Jol0 Meral Sputter Coater (Safematic. gad Ragaz, switzerland)
Samples were rmaged using a Magellan 100 FEI SEM microscope lTher
moFisher Screnti6ci in the secondary electron mode usingtheTLD detec-

RNA scquencing: cells were .ultured as deS.flbed in the imag ng a5-

say and treated wth a medrum control (DMEM wfhout any FBS), 500 pM
Caox, and 500 pM CaOx in a medium containing S0 rM rhein nanopar'
ticles (NR) in the medium for 24 h. Total RNA was exsa(ted using the
RNeasy Minj Xit(74104) accordingto themanufarturer's rnsfiuclon! The

Qubrt RNA BR Assar- icatalog numLer: QlC2l l) !,,a. us€d fiom hvrtrogen
to quanit RNA samples. For the asse5sment ofRNA qiJalit/ anci rntegrity,
fie AgilentTape Stalron system was used {Agalent, Cat# 5067-5576) Three
wells per sample group were prepared, and the total RNA extracted frcm
those three wells made them as thethre€ technrcalrepli(ates were pooled
together for each biologrcalrepIcate. Two biologrcal replicates were used
for rhe fludy. mRNA was punfed, and the RNAseq library was prepared
using the TrueSeq RNA klt (lllumina). Sequencingwas performed on a No-
vaseq 6000 (lllumrna) Readswereaignedtothereterenre human genome
(hg3E) using the STAR (2.4) tool. For the heetmap and hrerarchrcal clus-
tering oi signricantly drff€r.nt genes (p S 0.05 log2fold change :l) The
heatmap was plotted using R softwere dif,€rentially expresred genes wlth
p < 0 05, lcg2fold chan8e >0.5. Reactome pathway analysjs of drfferen-
helly erpressed genes was analyzed rn the - biologtcal proce:s functional
database. The fiagmentt p€r kalobase ofthe excn model per million reads
mapped (FPfM) wer.,,sed to .ompare the sele.ted genps' exprpssron lev-

els, and lwo indep€ndent €rperiment! were performed. RNA seluencing
raw dala can be rnade evailebleto thc ccr.esponding author upcn request

Bionfatmatics Anol$et Biologii"al pa*'ways enrichnrent analysrs and
the bao logical rn terpreration ofthe DEGs vras achieved usrng lhe Reaclome
pethway database. Rea(tome ah alysei were perform ed to identit thefunc-
tons ofthe DEGs. only pathways and fu nctio nal grou ps with pvalues less

than o.o5 were drscusied volcano plots and functronalenflchment plols
were created !r5rng the SRplot web tool.

Animol Sudy All anrmalexperiments were performed rn €omplance
wrth the regulations c,f the lnstrtulonal Anrmal Elhrcs Commattee at the
Kerala Universrty (IAEC z-KU- I I /2o2+ZoO-sRP (15)). 9x Eroups of 42

male C57BL/5 mice of G8 weeks old were used for the study as Per IAEC

guidelnes. Renal cal.ifiGtion was rnduced by administer ng glyoxylale

{Cly) (75 mg k-rg) intreperitonially {ip) for 7 days.l'1451 Nanorhein and
rhein were adminrstered simultaneously via intraperrtoneal lr.p.) antectlon

over ihe same perrod. Animals fed a normal die! and admrnistered with
PBS {r p. 100 !L) served as the vehacle control group, whrle those recerv-

ing the Cly (i p.) vxthout trertment served ar lh€ negrtive ccntrcl. Citrate,
used as the standard treatment was also administered intraperitoneally
for 7 days. At the end ofth€ treatment period. the anrmals were sa(nf(ed
and their crgans were collected for histopathologrcal analysrs. Blood :nd
unne samples were also collected and subiected to hematological and bio-

chemi<al Farameter at5essment5.
R.nal Coot Cryndls Det t ioh: The kidney trssues were 6xed, wax em-

bedded, and sectioned. After stainrng with hemaroxylin and eosrn (HE),

th€ CaOx.rystals were observed urde. a polarized light opt'<al micro-
scope (Zeiss, 6ermany). Pizuolato starning was Performed to visualize the
Caor crystals under an ordinary microscope. lmagel software was used to
quantrt crystel deposrnor.

Ass.ssment oflubulor lnjur), Kidney secions wer€ starn€d wlth perl-

odrc acrd-Schrtl (PAS) to evaluate tubular rnlury. Both the lidneys of the
animalswereevaluated. and ten fields were analyzed in the llssue samPIes
ofea.h anim.l signs oftubular aniury such as tubular atrophy or drlation,

tvww.advheahhmat.de

castformation, and brush edge loss were evalu ated - Scoringwas b3sed on
the per.entage ofdamaged tr:bules as descrrbed in the previous study.lar)

Slotist;col Analysit: Data were presented es the mean t SEM and the
analysis was performed using CrrphPad prism lO Multiple €ompa.ason
between data sets were er..uied by l-way AI.|OVA wirh posr-hoc Tukey-
Kramer test. P value leis then 0.05 was .cnsrdered as srgn|icant The
level ot statistical srgnilicance was indacated as +"*p<0.001, ^-^'P<0.01,
*P<0.05.

Supporting lnformation

Suppor-t,.9 lnf.rmatran rs ava!lable fiom the Wrley Onl,ne Lrbrary ar fro..
the author
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