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Abstract

The diffusion and reorganization of phospholipids and membrane-associated proteins
are fundamental for cellular function. Fluorescence cross-correlation spectroscopy (FCCS)
measures the diffusion and molecular interactions at nanomolar concentration in biological
systems. We have developed a novel, economical method to simultaneously monitor diffusion
and oligomerization with the use of super-continuum laser and spectral deconvolution from a
single detector. Customizable excitation wavelengths were chosen from the wide-band source
and spectral fitting of the emitted light revealed the interactions for up to four spectrally
overlapping fluorophores simultaneously. This method was applied to perform four-color FCCS,
as demonstrated with polystyrene nanopatrticles, lipid vesicles, and membrane-bound
molecules. Up to four individually customizable excitation channels were selected from the
broad-spectrum fiber laser to excite the diffusers within a diffraction-limited spot. The
fluorescence emission passed through a cleanup filter and a dispersive prism prior to being
collected by a sCMOS or EMCCD camera with up to 10 kHz frame rates. The emission intensity
versus time of each fluorophore was extracted through a linear least-square fitting of each
camera frame and temporally correlated via custom software. Auto- and cross-correlation
functions enabled the measurement of the diffusion rates and binding partners. We have
measured the induced aggregation of nanobeads and lipid vesicles in solution upon increasing
the buffer salinity. Because of the adaptability of investigating four fluorophores simultaneously
with a cost-effective method, this technique will have wide application for examining complex
homo- and heterooligomerization in model and living systems.

Keywords
Fluorescence correlation spectroscopy, Fluorescence cross-correlation spectroscopy, Spectral
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1. Introduction

Fluorescence correlation spectroscopy (FCS) and fluorescence cross-correlation
spectroscopy (FCCS) are powerful techniques to reveal the diffusion behavior of molecules at
nanomolar concentration in model and biological systems (1-7). FCS and FCCS provide single-
molecule sensitivity to reveal averaged diffusive characteristics through a diffraction-limited
confocal volume (8-10). As fluorescently labelled molecules diffuse through a detection volume,
the fluctuating fluorescent signals are obtained and correlated (11, 12). The fluorescence
emission intensity versus time varies depending on the number and brightness of the
fluorophores as they enter and leave the observation volume (13-16). FCS reveals biophysical
parameters of a single-color channel, including the molecular diffusion coefficients and
concentrations by analyzing the autocorrelation dwell time (z,) and amplitude (Go). The
comparison of multiple color channels occurs with fluorescence cross-correlation spectroscopy
(FCCS) (17) during which the molecular interactions and co-diffusion are measured (2, 11). If
distinctly labelled particles are bound together as they diffuse through the observation spot, then
their fluorescence intensities have simultaneous fluctuations and their cross-correlation
amplitude is large (18).

FCS and FCCS typically examine fluorescence emission with an acquisition rate of <10
kHz and <10 pW of excitation light focused to a diffraction-limited observation spot. The
fluorophores are excited and emit thousands of times as they diffuse through the observation
volume. For this purpose, a sensitive detector and well-chosen fluorophores with
complementary excitation and emission spectrums are prerequisites. Fluorophores with high
absorption cross-sections, high quantum efficiencies, and resistance to photobleaching are
desired to obtain 10-1000 collected photons during their microsecond transit through the
detection volume (3).

To observe molecular binding with FCS the bound and unbound states must typically have
diffusion coefficients that vary by 10x, which is rare upon ligand binding or dimerization (19, 20).
FCCS overcomes this limitation by detecting free diffusors and aggregates through multi-color
correlations (21, 22). For FCCS, fluorescent molecules are labelled with chromatically distinct
fluorophores and the cross-correlation of the corresponding detection channels reveals their co-
diffusion (21, 23, 24). Generally, the emission of all diffusers is obtained simultaneously that have
same experimental conditions (2).

Traditional, FCCS is limited to the observation of various fluorophores that are well
chromatically separated such that minimal fluorescence emission bleed-through is detected in
the wrong channel (25, 26). Typically, the color channels are chromatically separated through
dichroic mirrors and channel-specific emission filters prior to each channel’s detection in a
dedicated avalanche photodiode or photomultiplier tube. Bleed-through between the color
channels often yields a non-zero cross-correlation for independently diffusing fluorophores and
difficulty in observing molecular binding events. Crosstalk between color channels is especially
problematic when fluorescent proteins are used, and each fluorophore’ s emission spectrum is
wide.

To overcome this crucial spectral cross-talk, pulsed interleaved excitation (PIE) FCCS
method has been developed where excitation and detection of each fluorophores occurs at
unique time points (17, 27). In addition to separating the emission spectrally as in standard
multicolor FCCS, temporal separation via picosecond pulsed excitation single photon emission
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84  counting provides greater fluorophore resolution (28). However, this technique often requires
85 numerous fluorophore specific detectors, and multiple pinhole alignments for each emission
86  channel. Also, previous studies on prism-based FCCS simplify the detection path of the FCCS
87  experiment by using a dispersive prism to spectrally separate the emission light distinctly for
88  spectral ranges (2, 23, 29), but it have had high background noise for hyper spectral detection.
89 This manuscript reports on a new FCCS method that can resolve up to four spectrally
90 overlapping fluorophores to study their mobility and clustered interactions with a single
91 excitation source and a single detector. This method simultaneously measures the intensity
92  versus time of four fluorophores to be analyzed as four autocorrelations, six two-color cross-
93 correlations, and up-to five higher-order cross-correlations. The advantage of multicolored
94  FCCS s that it enables measurement of molecular density and diffusion rates for four
95  populations. In addition, the emission from four channels is also useful to calculate cross-
96 correlation between the pairs to determine oligomerization. This novel method uses a single
97  super-continuum laser as an excitation source that provides multiple excitation wavelengths
98 dependent on the choice of excitation filters. A single confocal aperture and dispersive prism
99 play vital roles by reducing out-of-focus fluorescence emission to enhanced SNR and
100 chromatically spread emission on single sensor that obviate the need of multiple detectors,
101 respectively. The article provides details on the experimental setup and demonstrates its
102 capability to resolve four fluorescent polystyrene nanobeads and three fluorescently labelled
103 lipid vesicles in solution. FCCS revealed that the nanobeads and the lipid vesicles initially
104  diffused independently with negligible cross-correlations. Upon increasing the buffer osmolarity
105 orthe addition of bovine serum albumin (BSA), the nanobeads and the lipid vesicles
106  oligomerized into multi-colored diffusers with significant cross-correlations. Further, single-
107  molecule detection has been verified by revealing the independent diffusion of membrane-
108 bound fluorescent proteins and fluorescently labeled phospholipids. Future adaptations of this
109 method will provide resolution and interactions of the intricate binding and unbinding events of
110  membrane-bound proteins.
111
112 2. Materials and Methods
113 2.1 Sample preparation
114 Four different single-color fluorescent nanobeads were mixed together and diluted with
115 milli-Q water with a resistivity >18 MQ cm. 100 nm diameter blue beads with an excitation
116  wavelength (Aex) of 450 nm (Fluoro-Max; Fisher Scientific), 100 nm diameter yellow bead; Aex =
117 515 nm (FluoSpheres; Life Technologies), 100 nm diameter red bead; Aex= 561 nm (Fluoro-
118 Max; Fisher Scientific), 40 nm diameter dark red bead; Aex = 635 nm (FluoSpheres, Life
119 Technologies). The mixture of nanoparticles was placed on a glass bottom dish (MatTek) after
120 the dish was rinsed with ethanol and dried in nitrogen stream for 15 sec.
121 Large unilamellar vesicles (LUVs) were composed of non-fluorescent phospholipids and
122  fluorescent phospholipids. Four different lipid mixtures were used 1,2-dioleoyl-sn-glycero-3-
123  phosphocholine (DOPC; Avanti Polar Lipids), 1-palmitoyl-2-(dipyrrometheneboron
124  difluoride)undecanoyl-sn-glycero-3-phosphocholine (TF-PC, Avanti Polar Lipids), 1,2-
125 dipalmitoyl-sn-glycero-phosphoethanolamine Texas Red (DPPE-TR, Life Technologies), 1,2-
126 dioleoyl-sn-glycero-3-phosphocholine-N-Cyanine 5 (DOPC-Cy5, Avanti Polar Lipids). DOPC
127  (99.98 mol%) and TF-PC, DPPE-TR, or DOPC-Cy5 (0.02 mol%) in chloroform were mixed in
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128 glass vial. Lipids were dried under a nitrogen stream and kept in vacuum for >30 min. The lipid
129 film was hydrated to 1 mg/mL with milli-Q water (<18 mQ). The solution was vortexed and

130 extruded eleven times through membrane filter with a 100 nm pore size within a liposome

131  extruder (LiposoFast, Avestin) to obtain vesicles. The procedure was repeated to yield

132 independent stock solutions for each color LUVs before they were mixed in single vial to

133 examine their independent or correlated diffusion.

134 Supported lipid bilayers (SLBs) were prepared by the bursting of giant unilamellar

135 vesicles (GUVs) upon a glass coverslip. GUVs of 1-palmitoyl-2-oleoyl-snglycero-3-

136  phosphocholine (POPC; Avanti Polar Lipids) and 0.3 mol % GM1 Ganglioside (Avanti Polar
137  Lipids) were prepared by electro-formation, as described previously (30-33). Exposing the

138 GUVs on plasma-cleaned coverslips resulted in their bursting and created continuous bilayer.
139 CTxB was labeled with AlexaFluor 647 or AlexaFluor 488 before purchase (Thermo Fisher

140  Scientific). CTxB was added to the SLB for a final concentration of 0.25 mg/mL above the SLB
141  to saturate all available GM1. After 0.5 min of incubation, the unbound CTxB was rinsed away.
142 The phospholipid monolayers of the artificial lipid droplets (aLDs) were formed from
143  multilamellar vesicles (MLVs) composed of non-fluorescent DOPC and 0.05 mol% fluorescent
144  DOPC-Cy5. The phospholipids were mixed in chloroform, dried under a nitrogen stream, kept
145  under vacuum for >30 min. The dried phospholipid film was hydrated to a concentration of 0.1
146  mg/mL Intracellular Buffer (IB) and lightly vortexed to obtain MLVs. IB consists of 10 mM

147 HEPES, 140 mM KCI, 6 mM NacCl, 1mM MgCl,, and 2 mM EGTA within milli-Q water. The MLVs
148  were mixed with glyceryl trioleate (TO; Millipore Sigma) at a mass ratio of 1000:1 TO:PL and
149  bath sonicated for 30 min (Ultrasonic Cleaner 96043-936; VWR Symphony) to form aLDs. aLDs
150 were mixed with 20 um diameter nonfluorescent polystyrene beads (Millipore Sigma) and

151 purified proteins, as needed, prior to being sandwiched between a glass slide and a coverslip
152  (Fisher Scientific), which were previously cleaned and passivated. Details for our protein

153 purification are given in the supplemental material. The glass slides and coverslips were rinsed
154  with ethanol, dried under nitrogen stream, and passivated with a casein. Passivation included
155 exposing the slides and coverslips to 20 mg/mL of casein in milliQ water for >20 min prior to
156 rinsed again with milli-Q water (34). 7 uL of the aLD, bead, and protein mixture was sandwiched
157  between a glass slide and coverslip as the final stage in sample preparation. In this system, the
158 nonfluorescent beads acted as spacers to prevent the coverslip and the glass slide from getting
159 too close together and smashing the aLDs. The buoyant aLDs floated at the top of the

160 sandwich, which was the glass slide while the coverslip was closer to the inverted microscope
161  objective. The bottom of the aLDs, the “south pole,” was the focus for our FCCS observation
162 point such that neither the illumination nor emission light had to refract through the aLD on its
163  path to or from the objective.

164
165 2.2 Optical setup.
166 The four-color FCCS was performed with a customized inverted microscope (IX71,

167  Olympus) on a vibration isolated optical table. Excitation was provided by a super-continuum
168 fiber laser (SC-Pro, YSL photonics) that produced broad spectrum pulsed laser with

169 wavelengths ranging from 400 nm to 2400 nm. For safety, the long-wavelength component
170 (>650 nm) was separated by a dichroic mirror and blocked within a light-tight box to reduce the
171 total laser power present during the free-space customization of the fluorescence excitation
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172  paths. The optical colors were separated by dichroic mirrors, chromatically filtered (BrightLine
173 FF02-435/40, FF01-513/13, FF01-561/14, and FF01-630/38, Semrock), expanded, attenuated,
174  and recombined. Each excitation color had <10 uyW average power. The combined excitation
175 channels were reflected by a three-band dichromic mirror (ZT442/514/561rpc, Chroma) and
176 directed into a 40x, 1.30NA microscope objective (UIS2 BFP1, Olympus) to a focused point in
177  the sample. The emission from the diffraction-limited illumination point was collected by the
178 same objective, passed through the three-band dichroic mirror, transmitted through the

179  emission filter (ZET442/514/561m, Chroma), and focused by the microscope tube lens through
180 a 40 um diameter confocal pinhole (P40D, ThorLabs). The emission was transmitted through a
181 relay lens (Optomask, Andor) that was customized with the insertion of a chromatically

182  separating prism (PS812-A, ThorLabs). The emission was collected on the center pixels of
183 either an EMCCD (iXon-897 Ultra, Andor) or sCMOS camera (Zyla, Andor) with the emission
184  chromatically spread on the camera sensor (Fig. 1). This setup provided a 16 nm color

185 difference per pixel on the 13 um wide pixels of the EMCCD. Both the confocal pinhole and the
186 camera were placed on 3D translation stages (PT3, ThorLabs) to allow for precise alignment.
187  This setup has integrated computer control connected with camera via custom LabVIEW

188 routines (National Instruments).

189 The excitation beams required precise alignment and determination of the size of

190 illumination volume. Fluorescent supported lipid bilayer (SLB) was imaged when illuminated by
191 each focused excitation beam. SLBs provided a uniform fluorophore distribution such that the
192  fluorescence image without a pinhole showed the shape of the illumination. The image of the
193 excitation light on the SLB was fit to a 2D Gaussian function to determine the width of laser spot
194  (wo) (Fig. S1). To confirm the 3D confocal volume, the diffusion of 100 nm diameter fluorescent
195 polystyrene particles was compared to expected results. The diffusion coefficient (D) was

196 calculated theoretically, D = ks T/(317nd), and measured experimentally, D = wo?/(41p), Which
197 incorporate Boltzmann’s constant (kg), the temperature (T), solvent viscosity (1), particle

198 diameter (d), and dwell time (7). The experimental and theoretical values of D for 100 nm

199 diameter polystyrene microspheres in water were consistent, D = 4.45 + 0.06 ym?/s and 4.39
200 um?/s, respectively (35).

201 Samples were exposed to <10 pW total excitation power with Aex = 450, 515, and 561
202  nm. Our optical setup also provides a 635 nm excitation, but the fluorophores with >680 nm
203 emission used in these experiments were sufficiently excited by the shorter wavelength

204  excitation such that the 635 nm excitation was not used here. Each EMCCD camera frame was
205 acquired with a 0.1-ms exposure at a 1,785 Hz frame rate. 53,500 frames were acquired per 30-
206  sec acquisitions for the 496x4 cropped region of interest (ROI) with the EMCCD. Similarly,

207  sCMOS acquired with 5 ms exposure time and 196 Hz frame rate that yielded 5876 frames per
208 30 sec acquisitions for 20x4 cropped ROI. This frame rate from EMCCD is sufficient to measure
209 the diffusion of membrane-bound molecules or >40 nm diameter diffusers in solution for which
210 diffusion rates are typically <10 um?/s. However, the frame rate was not sufficient to measure
211 small molecule diffusion in aqueous suspension for which diffusion rates are typically >100
212 um?/s.

213
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216  Figure 1: The FCCS set up included a super-continuum laser that was separated into four

217  narrow-spectrum excitation channels that travelled through clean-up filters, neutral density

218 filters, and beam-expanding telescopes prior to being recombined. The combined excitation
219 colors were passed through the microscope objective to illuminate a diffraction-limited volume
220  within the sample. The fluorescence emission was collected by the objective, passed through an
221 emission filter and a pinhole before being focused on the camera sensor. (Inset) Four

222  fluorescently labelled species diffusing independently or as an oligomer through the confocal
223  detection volume yield independent or correlated emission intensities.

224

225

226 2.3 Extraction of | versus T

227 Each image was averaged over the dimension perpendicular to the chromatic separation

228  toisolate the emission spectrum from all fluorophores at a moment in time. This spectrum
229  versus time was analyzed to extract the relative changes to each fluorophore’s concentration
230 within the observation spot versus time. Extraction of each fluorophore’s concentration required
231 determining the expected emission spectrum from each fluorophore and fitting each acquired
232  spectrum to a linear combination of the spectra from the present fluorophores.
233 The fluorescence emission spectrum for each fluorophore was collected from control
234  samples that each contained one fluorophore while excited by all excitation colors (Fig. 2A-D,
235 S3A-C). To account for day-to-day sub-pixel misalignment, the single-fluorophore spectra were
236  each fit to the sum of three Gaussians to provide a continuum model of each fluorophore’s
237  emission after the three-band dichroic mirror and emission filter (Figs. 2F, S3E),
238

-(A=29-1)°
239 Empi(A) = ¥3_ A 2% (1)
240
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241  This fitting function was chosen because it provided a smooth, analytical fit to the collected

242  points of the single-fluorophore emission spectra with fewer fitting parameters than other

243  candidate fit functions; there was not a physical meaning for this three-Gaussian fit. Eq. 1

244 provided a continuous function that represented the spectrum of each fluorophore used. The
245 nine fit parameters of amplitude (Aj), center (1), and width (oi) were identified for each

246  fluorophore and unchanged during later fits. The fitting parameter Ao was shared by all three
247  Gaussians and allowed for the emission spectra for each fluorophore to be effectively shifted on
248 the sensor to account for day-to-day sub-pixel variations in optical alignment. Another control
249  sample was created with well-resolved intensities of M different fluorophores simultaneously to
250 determine the relative shift of the calibration files with a separate 4o for each fluorophore (4o,riuor)
251 (Figs. 2E, F,S3D,E) according to

252

253 Sfit = Z%uor:l IFluor Em}}:ilgwr(lo,ﬂuor) + Idark- (2)
254

255  When fitting the sum of each fluorophore’s Emii (Em}fil,}“’r) to this multi-colored control sample
256 the relative shift (lo,fuor) and the amplitude (lruor) Of each Em};‘}gm were identified. Later fits kept
257  Joruor fixed because Ao ruor represents the inherent relative emission spectrum of each

258 fluorophore. The dark counts on the detector, which were approximately 2% of the signal, were
259  subtracted during fitting by the incorporation of a constant (lgark).

260 The system required sample-specific sub-pixel alignment. A shift of the emission spectra
261 was determined for each sample while keeping the relative shift for each fluorophore constant.
262  For each sample, the time-averaged sample spectrum was fit with a single shared shift for all
263 Emﬁ}“’r corresponding to the sample-specific chromatic shift on the camera sensor during

264  acquisition according to
265

266 SfitZ = Z%uor=1 IFluor Em?l@?or (AO,Fluor + AO,Sample) + Idark' (3)
267

268  The analysis did not benefit from including a time-varying fit shift of the emission spectra for
269 each camera frame, which would have accounted for alignment shifts during the 30-sec

270 acquisition if present. The sample-specific sub-pixel calibration shifts reduced the unexpected
271  positive and negative cross-correlation amplitudes. Through the above, multi-step method,
272  many variables are set precisely to well-resolved spectra such that the potentially noisy

273  experimental spectra from a single camera frame with highly discrepant fluorophore

274  concentrations could be fit with minimal fitting unknowns; only the intensity of each fluorophore
275  unknown and fit to each camera frame in the experimental data.

276 With the shifted continuous fluorophore emission spectra identified, the expected

277 intensity from each fluorophore on each camera pixel was determined and linear least squared
278  fitting was performed to each camera frame to provide the intensity of each fluorophore at each
279 moment in time. Linear least squared fitting provides 100x improved computational efficiency
280 and indistinguishable auto- and cross-correlation results from a nonlinear least square fitting of
281  the continuous sum of Emf{}*°" to the experimental spectra.

282
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285  Figure 2: Chromatic separation of emission spectrum on the camera sensor. Spectrally

286  overlapping emission of fluorescent nanobeads was dispersed via prism was collected on the
287  camera. (A-D) Single nanobeads of excitation wavelengths 450, 515, 561 and 635 nm,

288 respectively, were spectrally separated and collected on the cropped ROI. Each column of

289  pixels on the camera is associated with an emission wavelength. (E) Samples with all four

290 nanobeads show the distinct, but highly overlapping emission spectra. (F) Control samples with
291 only one color of bead present were used to identify the emission spectrum of each bead type
292  (colored symbols and fits). With four nanobeads simultaneously present, the spectrum was fit to
293 reveal the emission intensity of each bead type for each camera frame (black symbols and fit).
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294
295 2.4 Data analysis
296 The autocorrelation (G4%°) of each intensity versus time signal revealed the diffusive

297  behavior via the correlated intensity versus lag time (t) of a single species according to

298
299 GAwO(7) = (8I(t) 81(t+1)) 1 (@)

(1(£))?
300
301 where (I(t)) represents the time average intensity. In FCCS, two emission intensities versus
302 time are analyzed via cross-correlation (G¢7°%5) according to
303
304 GEToss(1) =

305

306  The auto and cross-correlation were fit to the expected correlation decay of homogeneous 2D or
307 3D Brownian diffusion (Eg. 6 or 7) to extract the correlation amplitude (Go) and 7, (36)

308 according to

(61,(¢t) 81, (t+1))
(L (O) (I (8) )

309
310 Grieap () = 1+ —2—, (6)
1+(r)
D
311
312 Gricap (1) =1+ o , (7)
T T 2 T
() [1+G) 5
313

314  Eg. 7 incorporates the radial (ro = 0.614/NA) and axial (zo = 2n1/NA?) distances over which the
315 intensity decay by 1/e?, the immersion oil index of refraction (n = 1.51) and the numeric aperture
316 of the objective (NA = 1.30) (37). The acquired intensity versus time traces were checked for
317 photobleaching and significant stage drift before fitting to Eqs. 6 or 7.

318 Go for autocorrelations (Gg“t°) reports the number of diffusers in the detection volume (N
319 « 1/Go). Interpretation of the magnitudes of cross-correlations (G§™°%%) was performed by

320 calculating the fraction of correlated (Fc), according to

321

Cross
322 F, = W (8)
323

324 3. Results

325 3.1 Comparison of sCMOS vs EMCCD cameras

326 The read noise of SCMOS is low compared to EMCCD, but the dark counts were lower,
327  and the quantum efficiency was greater for the EMCCD. Both the sCMOS and EMCCD

328 cameras worked well to detect the transit of bright diffusers that had multiple fluorescent

329  molecules each (i.e., the nanobeads and the LUVs). However, the EMCCD'’s provided superior
330 signal to noise for the single-fluorophore diffusers (i.e., the single proteins or lipids). Both

331 cameras enabled sufficient hardware and software for this method, but with our need for a
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332 system that is suited for many sample types and the challenges of switching between cameras,
333  we chose to primarily use EMCCD.

334
335 3.2 Induced oligomerization of nanobeads
336 The diffusion and oligomerization of the fluorescent nanobeads or LUVs were measured

337  in aqueous suspensions. Four distinct types of polystyrene nanobeads were measured with
338 peak excitation wavelengths of 450, 515, 561, or 635 nm (Baso, Bsis, Bss1, Or Bess). Three

339 different types of LUVs were labeled with TopFluor-PC (TF), DPPE-Texas Red (TR), or DOPE-
340 Cyb5 (CY5) with peak excitation wavelengths of 515, 561, or 647 nm (Lsas, Lse1, OF Lea7).

341 Nanobeads or LUVs were mixed, and their fluorescence emission intensities were collected for
342 30 sec at >1.7 kHz. Intensities versus time for each channel showed many small and

343 uncorrelated events that reflect independent diffusion of each species (Figs. 3A and S4A). The
344  average of 27 sequential measurements of autocorrelations for four channels were calculated
345 and fit to yield 7, for each bead type (Fig. 4B), which were in accordance with the expected
346  values for the varying size beads (Table 1). In ultrapure water, the cross-correlations between
347 the nanobeads were negligibly small or negative (Figs. 3C, 4C).

348
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350 Figure 3: FCCS on four spectrally overlapping nanobeads. (A) Fluctuations in intensity versus
351 time for four nanobeads (Baso, Bsis, Bse1, Bess) show many small uncorrelated peaks that indicate
352 the nanobeads are diffusing independently. The results were analyzed with (B) auto and (C)
353  cross-correlations. (B) The autocorrelations were well resolved and (C) the cross-correlations
354  were small or negative. The addition of PBS induced aggregation of nanobeads. (D) The

355 intensity versus time for the four-color channels showed many events with correlated peaks
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because the nanobeads formed clusters and were diffusing together. PBS yielded both the (E)
auto- and (F) cross-correlations increased to display increased amplitudes and dwell times.
(B,C,E,F) Symbols and error bars represent the mean and standard error of the mean for >20
sequential measurements while the lines represent the fits from Eq. 7.
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Figure 4: (A) The normalized autocorrelations in water and PBS for the four nanobeads
simultaneously observed. A minus sign (-) indicates the absence of PBS and the plus sign (+)
indicates the presence of PBS. (B) The autocorrelations displayed slower diffusion upon the
addition of PBS and (C) the cross-correlations displayed larger amplitudes upon the addition of
PBS, which demonstrates that heterooligomers had been formed.

Upon increasing the salinity of the solution by the addition of PBS, the nanobeads
randomly bound together as the salts encouraged oligomerization. The four intensities versus
time showed many correlated peaks confirming the formation of large, multicolored nanobead
clusters (Fig. 3D). Upon oligomerization, the autocorrelations showed longer decay times as the
diffusion slowed (Figs. 3E, 4B). This is best demonstrated by comparing normalized
autocorrelations with water or PBS; increasing salinity caused the beads to clump and diffuse
slower (Fig. 4A). Additionally, the cross-correlations displayed significantly increased
G_0"Cross and FC as the binding increased. (Fig. 3F, 4C).

3.3 Oligomer density of nanobeads

The composition of the oligomers was examined by recognizing that the autocorrelations
included information about both the monomeric and oligomerized diffusers within a sample. The
autocorrelations in water provide the diffusion dynamics of only the monomers. The cross-
correlations in PBS provide the diffusion dynamics of only the oligomers. The autocorrelations in
PBS include the dynamics of both the monomers and the oligomers as a reflection of the
polydispersity of the sample. Accordingly, we fit the autocorrelation in PBS to be a linear sum of
the autocorrelation in water and the cross-correlation in PBS such that the relative amplitudes of
the components reflected the fraction of the diffusers that were monomers vs oligomers,
according to

oli
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T To T
1+< Auto,Water> 1+(z ) Auto,Water
) 0% 7p

Auto —
GPBS ~ GPoly -
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2
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) 0% 7p

The resulting G3°™° and Gé)”gowere used to calculate the fraction oligomerized according to
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393 foligo = Go 2%/ (G8'°™° + G5 "%°). (10)
394

395  and listed within Table 1. We observed all four nanobeads displayed fy,;4, above 94%, with Baso
396  having fy;i4, €qual to 99.9%. Analysis of the bead monomer and oligomer diffusion coefficients,
397  the oligomer diameters were estimated to be 520 + 90 nm, which was 6x larger than that of the
398 monomeric beads. This indicates that over 200 nanobeads joined into a single oligomer (Table
399  1). Similarly, we observed all three LUVs displayed fy,;;4, above 77% (Table S2). The Stokes-
400 Einstein relationship was used to connect the diffuser diameter to diffusion coefficient while

401 assuming a solution viscosity of 1 cP and temperature of 20 °C.

402
403 Table 1: Comparison of beads’ diffusion, diameter, and oligomer fraction.
Bead Diameter Drheory Dexp Estimated diffuser Oligomer
Type from diameter Fraction
manufacturer
(nm) (um?/sec) (um?/sec) (nm) (%)
Water PBS Water PBS PBS
Baso 100 4.39 445+ | 0.71 98.7+ 618.7 £ 99.9
0.06 0.05 1.2 40
Bsis 100 4.39 286 | 092+ | 1539+ | 4775+ 99.7
0.03 0.07 14 30
Bse1 100 4.39 344+ | 0.80x | 127.7+ | 547.7 94.4
0.02 0.06 0.6 40
Bess 40 10.98 7.09 £ 1.00 £ 619+ 439.3 97.5
0.06 0.06 0.5 20
404
405 3.4 Induced oligomerization of lipid vesicles
406 Three-color FCCS was also performed on LUVs that incorporated three highly

407  overlapping fluorescent lipids, as described above. The fitting of continuous functions to the
408 individual fluorophore’s spectra, shifting the fits to accommodate optical misalignments, and the
409 linear least squared fitting processes described above effectively separated the combined

410 spectra for extraction of each fluorophore’s intensity vs time (Fig. S3). Our observations were
411 like the nanobeads in that the LUVs were diffusing independently in water (Fig. S4A, B)

412  whereas started forming homo- and heterooligomers showing strong cross-correlations were
413  induced. With the LUVs, heterooligomerization was induced by the addition of BSA at 30 g/L to
414  the buffer (Fig. S4C, D).

415
416 3.5 Membrane-bound protein diffusion on lipid bilayers
417 To evaluate the sensitivity of our system to single, membrane-bound molecules, we

418 examined membrane-bound fluorescent proteins of cholera toxins (CTxB). CTxB are soluble
419 proteins that bind to the glycolipid GM1 incorporated into phospholipid membranes. The CTxB
420 that was labeled with the synthetic, bright AlexaFluor (AF) dyes were successfully perform with
421  either the sSCMOS or EMCCD camera. An SLB sample with both CTxB-AF488 and CTxB-AF647
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422  bound displayed independent diffusion of the two populations of CTxB and no cross-correlation
423  (Fig. 5A, B).

424
425 3.6 Independent protein and phospholipid diffusion on lipid monolayer
426 To evaluate the capability of our system to measure the diffusion on the phospholipid

427  monolayer surface of an aLD, we examined the diffusion of a fluorescent phospholipid (DOPE-
428 Cyb5) and a purified lipid droplet scaffolding protein labeled with a yellow fluorescent protein
429  (PLIN5-YFP). FCCS was performed on the “south pole” of the aLDs and revealed no cross-
430 correlation between DOPE-Cy5 and PLIN5-YFP. The autocorrelations demonstrated that

431 DOPC-Cy5 was diffusing 2x faster than PLIN5-YFP, and the cross-correlations were negligible
432  (Fig. 5C, D).

433

Intensity @]

0 5 10 15 20 25

B [ { CTxB488
& CTxB 647

434 T(s) T(s)
435  Figure 5: Protein-protein and protein-lipid diffusion on phospholipid bilayer and monolayer were
436  detected by our FCCS system. (A) The intensity versus time curves of two proteins CTxB-

437  AF488 and CTxB-AF647 were analyzed to yield (B) two autocorrelations and cross-correlation
438  of these bilayer-bound proteins. No apparent association between the two distinct populations of
439 CTxB was observed. (C) The intensity versus time PLIN5-YFP and DOPE-CY5 were analyzed
440 toyield (D) two autocorrelations and a cross-correlation of the monolayer-associated molecules.
441  PLIN5-YFP and DOPE-Cy5 diffused independently on surface of lipid monolayer. Symbols and
442  error bars represent the mean and standard error of the mean for >25 sequential measurements
443  while the lines represent the fits from Eq. 6.

444
445 4. Discussion
446 With only one laser source and one detector, our custom FCCS reveals four distinct

447  color channels for a novel experimental routine. No cross-correlations were observed for

448 independent diffusers despite highly overlapping spectra. FCCS data are important for providing
449  information on the mobility, concentration, and diffusion dynamics through the analysis of

450 autocorrelations. Amplitudes of autocorrelations are inversely proportional to number of

451  diffusers in observation volume. Also, 7, can be quantified in each of auto- and cross-
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452 correlations that gives residence time of diffusers in the detection volume. In addition, the

453  multicolored clusters can be evaluated by analyzing cross-correlation amplitudes.

454 All the nanobeads were moving independently to each other in ultrapure water; cross-
455  correlations did not give positive amplitudes. Small and negative cross-correlation magnitudes
456  between the beads in ultrapure water were analyzed for potential excluded volume effects,

457  spectral bleed through, physical bead sizes, and surface chemistry of the beads. An excluded
458  volume effect may have contributed to the negative cross-correlations (i.e., G55 < 0). The
459  presence of one 100-nm diameter bead within the 300-nm wide observation volume likely

460 reduced the probability of other beads in the observation volume simultaneously, thus the

461 negative correlation between beads (2, 38). Comparing beads of differing diameter did not show
462  aclear correlation between bead sizes and G§"°%° (Fig. 6).

463 The induction of nanobead oligomerization with addition of PBS shows increase in Gg in
464  all six pairs of cross-correlations (Fig. 4C). The larger amplitude means fewer independent

465  diffusers, consistent with the individual diffusers clumping together to form multicolored clusters.
466  Go for autocorrelations also increased, with the exception of Bsis (Fig. S2). Upon aggregation,
467 1pincreased 1.8 + 0.7 ms, with Bess having maximum 3.00 + 0.03 ms increase compared to
468  ultrapure water t, for same beads (Fig. 4B).

469 To examine the contribution of spectral overlap to the observed cross-correlation, we
470  computed fractional spectral overlap (Foveriap) between each pair of beads according to

471

472 Foeriap = Jo Em;* Em;da. (11)
473

474  Em;is the normalized emission spectrum for bead i. Foverap ranged from 0.14% to 7.23% while
475  G§ToS was between -0.35 to 0.18. There was no correlation between Foverap and G572 for any
476  of the nanobeads (Fig. 6A). As expected far wavelengths had less spectral overlapping than the
477  closer ones, but they had no greater G5°5% or Fc for bead of varying physical sizes (Fig. 6B).
478  Further the anti-cross-correlation which might be the cause of bleed through between the

479  channels, but we do observe the negative cross-correlation for channels BasoxBsss which is 450
480 nm and 635 nm emission channels that has negligible (Foverap = 0.14%) bleed through between
481 them. So, Bleed through cannot lead to anti-cross-correlation.

482
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484  Figure 6: Fractional overlapping of the wavelengths versus bead parameters. (A) Foveriap VErsus
485  G§osS for combination of bead sizes (B) Fraction correlated (Fc) for varying bead sizes plotted
486  against Foveriap.

487

488 Moreover, to access surface chemistry of the beads, the beads’ surfaces were coated
489 either with uncharged polystyrene or were negatively charged carboxylate coated (Table S1).
490 None of the combinations of bead surface chemistries showed any significant trends for G§75S.
491  We found no trends for the observed negative cross-correlation with dependences on the bead
492  color, spectral overlap, size, or surface chemistry.

493 To investigate the possibility for data analysis artifacts being the source of anti-cross-
494  correlation, we developed the computational routine where one intensity is iteratively allowed to
495 fit to sum of calibrations and rest of the other intensities were kept constant. This method

496 provided a new intensity versus time curve for each of the four-color channels, but extracted
497  correlations gave false positive cross-correlations. It seems like fluctuations in the total laser
498 power may have resulted in this false positive cross-correlation. Also, the background intensity
499  (lga) for the correlation analysis upon examination showed that there was no interdependency
500 between correlations and lqark. Further, fitting for fluorophore spectra that were not present in the
501 sample yielded the expected near zero intensity for these intensities and no changes to the
502 cross-correlations for the present fluorophores.

503 The four intensities present for four beads allowed us to examine if all beads contributed
504 similarly to the oligomerization. Three and four intensities were correlated to acquire two and
505 three lag times between them, respectively (Egs. S1, S2). The 2D plot of cross-correlation

506 matrix showed 7;and 7, are independent and perpendicular to each other for nanobeads in PBS
507  (Fig. S5)(39). Three nanobeads were chosen at a time for this analysis to assess association
508 and dissociation between macromolecules of interest and assess if the interaction of any two
509 particular bead types were key to the larger, multi-color aggregation. We did not observe the
510 key large multicolored aggregation between the nanobeads or in LUVs (Fig. S6) via double or
511 triple cross-correlation analysis, but this quantification routine can be useful for the future

512 experiments that needs to examine multi-color protein aggregation and complex assembly.

513 In sum, our FCCS has a wide application on variety of samples including live cells, lipid
514  monolayers, and bilayers. The limitation of the system is misalignment of either pinhole or

515 camera and drift in focus, all of which can lead to noisy autocorrelations. But which can tackle
516 easily following strict experimental and statistical routines for focused sample between

517  excitation and emission channel.

518
519 5. Conclusions
520 In this study, we developed a multi-color FCCS system that demonstrated interaction

521 and diffusion dynamics of four spectrally overlapping fluorescent probes. Our economical FCCS
522  uses multiple laser channels in the excitation path that were created from single

523  supercontinuum laser (400-700 nm) and a dispersive prism that gave the emission spectra of
524  multiple chromatically overlapping fluorophores on to a single detector. Measurements of

525  diffusion time and fluorophore density were successfully performed on polystyrene fluorescent
526 nanobeads. Also, on the same nanobeads system FCCS enabled us to observe induced

527  aggregation and clustered interaction caused due to addition of PBS. Measurement of diffusion
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528 coefficient clearly showed long decay time and slower diffusion in presence of PBS due to

529 formation of multicolored oligomers. Due to the adaptiveness of accommodating up to four

530 molecules at a time, our FCCS is conventional to use with fluorescent proteins and lipids in

531 biological model and live systems. Moreover, the ability to calculate full triple cross-correlation
532 decay, the size of the three-color species can be possible to determine via FCCS. The

533 advantage of the system will be investigation of diffusion simultaneously with same

534  experimental conditions on multiple fluorophores that will also save multiple sample preparation
535 and experiment time. Future experiments will include up to four lipolysis associated proteins and
536  phospholipids, that will be examined on the surface of monolayers. This approach will be used
537 toinvestigate triple cross-correlation decay and can identify complex assembly and disassembly
538 kinetics.
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661 Supplemental Methods
662  Protein purification

663 Baculovirus for protein expression were prepared using the Bac-to-Bac expression

664  system (Invitrogen). pFastBacl constructs for PLIN5-YFP-His tag (all mouse protein) was made
665  using standard molecular biological methods and was confirmed by sequencing. Bacmid DNAs
666  were generated by transformation of DH10Bac E. coli (Invitrogen) with FastBac plasmids

667 following the manufacturer’s protocol. Initial baculovirus stocks were generated by transfection
668  of Sf9 insect cells with bacmid DNA using Cellfectin 1l reagent (Invitrogen) according to the
669  manufacturer’s protocol, then were amplified by infection of Sf9 cells with the initial baculoviral
670  stocks.

671 Amplified baculoviral stocks were used to infect High Five insect cells and cells were
672  collected 48 hrs after start of infection when cells were ~80% viable. High Five cells expressing
673  proteins were lysed by sonication in IB containing 20 ug/mL leupeptin and pepstatin A. For

674  PLIN5-YFP-His tag preparations, 0.5% FOS-CHOLINE-12 detergent (Anatrace) was added to
675  sonicated cell extracts prior to centrifugation at 10,000 g. Supernatants were then incubated
676  with TALON Cobalt beads (Takara) for two hours at room temperature, then proteins were

677  eluted from beads using 50 mM sodium phosphate buffer pH 7.4 containing 150 mM imidazole.
678 Imidazole was removed from proteins by successive rounds of concentration and redilution with
679 1B using Centricon centrifugal filter units of the appropriate molecular weight cutoff. Protein

680 concentration was determined by BCA (Pierce), then protein purity was determined from

681 Coomassie-stained PAGE gels.

682
683  Triple cross-correlation data analysis
684 For the multi-color oligomerization with more than two spectrally resolved molecules,

685 three or four intensity versus time signals may be considered in a single cross-correlation
686  analysis with two or three independent lag times, respectively,(39-42) according to
687

_ (814(¢) 81 (t+14) SI5(t+13))
688 Gea (T, T2) = = e oy (B o) (S1)
689
_ <611 (t) 612(t+T1) 613 (t+T2) 614, (t+T3))
690 Gea(T1, T2, T3) = (12(0) Lo (D) (I3(0) 12 (0) (S2)
691
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695
696  Figure S1: Laser spot size for 1,, = 561 nm. Scalebar = 0.12 pm.
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701  Figure S2: Addition of PBS induced nanobead oligomers. Comparing G§**° with and without
702  PBSindicates Baso and Besss have induced homo-oligomers.

703
704
705 Table S1: Details of the nanobeads used in these experiments.
Beads Size Color Coating Surface Manufacturer Lot
(nm) charge number
Baso 100 Blue Polystyrene neutral Thermo 184539
Fisher
Bsis 100 Yellow Carboxylate negative Life 1588588
Technologies
Bse1 100 Red Polystyrene neutral Thermo 180315
Fisher
Bess 40 Dark red Carboxylate negative Life 1437595
Technologies
706
707
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709  Figure S3: The emission spectra of the LUVs on the camera sensor. (A-C) Single LUVs TF, TR
710 and CY5 of excitation wavelengths 515, 561 and 635 nm, respectively, were spectrally

711 separated and collected on the cropped ROI. Each column of pixels on the camera is

712  associated with an emission wavelength. (D) Samples with all three LUVs show the distinct, but
713  highly overlapping emission spectra. (E) Control samples with only one color of LUV present
714  were used to identify the emission spectrum of each LUV type (colored symbols and fits). With
715 three LUVs simultaneously present, the spectrum was fit to reveal the emission intensity of each
716 LUV type for each camera frame (black symbols and fit).

717
718
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Figure S4: LUVs form homo-and heterooligomers with addition of BSA. (A) Intensity versus
time for three LUVs (TF, TR, CY5) in water shows many small uncorrelated peaks that confirm
LUVs are diffusing independently. (B) G versus t reports auto correlations were significant
whereas cross-correlations were unclear. (C) Addition of BSA induces aggregation of LUVS,
intensity versus time for three color channel shows many events of correlated peaks. (B) G
versus t reports both auto and cross-correlations were significant, induced aggregation cause
increase in auto- and cross-correlations. Symbols and error bars represent the mean and
standard error of the mean for >7 sequential measurements while the lines represent the fits

from Eq. 7.

Table S2: Comparison of LUV diffusion, diameter, and oligomer fraction.

LUV Diameter Drheory Dexp Estimated diffuser Oligomer Fraction
Type after diameter
extrusion
(nm) (um?/sec) (um?/sec) (nm) (%)
Water BSA Water BSA BSA
TF 100 4.39 0.63 £ 1.06 = 4392.7+ 443.7 £50 99.9
0.04 0.07 90
TR 100 4.39 1.03 + 1.76 = 452.9+50 | 261.5+20 91.8
0.06 0.08
CY5 100 4.39 1.01+ 1.10+ 426.4+18 | 4482+ 70 77.2
0.02 0.12
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743  Figure S5: Contour plots of three-color cross-correlation decay for nanobeads. The combination
744  of three beads at a time out of four nanobeads was examined to see macromolecular

745  correlations following Eq. S1.

746

747
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749  Figure S6: Contour plot of three-color cross-correlation decay for LUVs (TF, TR, CY5).
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